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ABSTRACT
The electronic energy states of some heterocyclic compounds have 
been investigated by spectroscopic methods. These compounds were the py­
ridine derivatives: 4-phenylpyridine; pyridine-2 and 3-aldehydes; 2-, 3- 
and 4tphenylpyridyl ketones. The absorption and emission spectra of the 
above compounds were compared with those of the corresponding homocycles.
A weak fluorescence was observed for 4-phenylpyridine but no fluorescence 
was detected for the other pyridine derivatives.
JLThe absorption of 4-phenylpyridine showed the pi 4— n^ transition
as a weak shoulder or as a long wavelength tail on the strong pi pi tran­
sition at 77°K or in the vapor phase. In the other pyridine derivatives 
such a transition was not definitely identified.
The phosphorescences of pyridinealdehydes and phenylpyridyl ketones 
were found to be characteristic of the (pi , n) state of the carbonyl 
group.
The phosphorescences of mixtures of benzaldehyde and pyridinealdehyde 
showed that energy transfers from pyridinealdehyde to benzaldehyde.
The lifetime of the excited triplet state for pyridinealdehydes, 
phenylpyridyl ketones and the corresponding homocycles was measured.
Another group of heterocyclic compounds was studied spectroscopi­
cally. These were some benzimidazole derivatives, namely: benzimidazole,.
2-phenylbenzimidazole and 2-(o-hydroxyphenyl)benzimidazole. To confirm 
the results obtained from the last compound, 2-(Q-hydroxyphenyl)benzoxa­
zole and 2-(o-hydroxyphenyl)benzothiazole were also studied.
xii
xiii
The overlap of the, transitions to the and states in 2-phenyl 
benzimidazole and their separation in 2-(o-hydroyphenyl)benzimidazole was 
clear from the spectra. The electronic energy states of 2-phenyl and 
2-(o-hydroxyphenyl)benzimidazole are interpreted to be those of the benzi- 
midzole and benzene subsystems. The dlsslmiliarity between the absorption 
spectrum of 2-phenyl or 2-(o-hydroxyphenyl)benzimidazole and that of a 
combined benzene or phenol and benzimidazole is attributed to the elec­
trodynamic- (exclton)- interactions between the electronic states of the 
subsystems in the combined molecule.
The emission spectra of the benzimidazole, benzoxazole and ben­
zothiazole derivatives are reported. There are some indications of the 
existence of more than one fluorescence in 2-phenylbenzimidazole. However, 
the existence of more than one fluorescence for 2-(o-hydroxypheny).)- 
benzimidazole and related compounds was experimentally very clear. The 
dual emissions of such compounds were interpreted to be due to the intra­
molecular hydrogen bonded compound as one chromophore and to the perturbed 
subsystems.
Experimental evidences are given which prove the reality of the 
multiple emissions and the role of the intramolecular H-bond in relation 
to the dual emissions of 2-(o-hydroxyphenyl)benzimldazole and related 
compounds. The effects of concentration, solvent and wavelength of 
excitation on the fluorescences of 2-(o-hydroxyphenyl)benzimidazole were
•j' r  • *
also studied. Evidences are given which show that the long wavelength 
fluorescence is not an excimer emission.
The emission spectra of the hydrochlorides of 2-(o-hydroxyphenyl)- 
benzimidazole and related compounds were studied and interpreted. It is 
interesting to find that such hydrochlorides have only one fluorescence.
xiv
There are some evidences of the possibility of two phosphorescences 
in 2-(o-hydro3typhenyl)benzimidazole and similar compounds, but they are not 
conclusive.
The spectroscopic similarity between 2-(o-hydroxyphenyl)benzoxazole, 
2-(p-hydroxyphenyl)benzothiazole and 2-(o-hydroxyphenyl)benzimidazole is 
experimentally very clear. The results from the first two compounds sup­
port and confirm the results and interpretations of the different transi­
tions of the third compound.
INTRODUCTION
Heterocycles in general have not been fully studied spectro­
scopically to the same extent as have the homocycles because heterocycles 
are not as stable as the homocycles, extra care must be taken in their 
purification and they are not easy to treat theoretically. However, in 
recent years, heterocycles have been the subject of many spectroscopic 
studies because of their great importance in the biological field. One 
can find the absorption spectra of many heterocycles in the literature, 
but still veryi few emission spectra can be found.
The outstanding feature of the absorption spectrum of an aza 
aromatic hydrocarbon in which the -N" group replaces a methine group,
-CH* , is its similarity to the spectrum of the parent homocyclic com­
pound. Thus the spectrum of pyridine closely resembles that of benzene.
A comparison of their spectra will be shown later. This observation is 
not unusual because the two compounds are pi isoelectronic. The 
significant difference between the two spectra lies in the greater 
intensity and loss of vibrational structure of the long wavelength band 
of pyridine. Both of these facts can be explained to be due to the 
reduced symmetry of pyridine (point group C2V) compared.with that of 
benzene 0°^). Whereas the longest wavelength band in benzene ^ 2^ — '^lg 
3*:A) is forbidden, and so is weak and shows prominently the vibronic 
interaction making it partially allowed, the corresponding *Lb transition 
in pyridine is *B^*— and is allowed. The intensity of this band, how­
ever, still is not high ( € ~ 2000); it is considerably less than that of
2
a typical V<e— N transition, indicating that the distortion of the pi elec­
tron cloud from symmetry is not great. Some of the vibrational struc­
ture typical of the forbidden benzene band is shown in the allowed pyridine 
transition, but it is much less prominent. The shorter wavelength bands of 
pyridine are somewhat shifted both in wavelength and intensity but are 
recognizable and should be assigned to transitions analogous to those as­
signed in benzene.
It is useful to acquire a qualitative idea of the number of mole­
cular orbitals available for electron population and promotion in an 
N-heterocyclic molecule. A schematic diagram follows. Each conjugated 
atom contributes one 2p atomic orbital to the molecular orbital system. 
Thus in pyridine six atomic orbitals interact to form six molecular 








Since six conjugated or delocalized pi electrons are available in pyridine
only the lowest three molecular orbitals are occupied; the upper three
orbitals are available for electronic excitation or promotion. In addition,
however, the aza-nitrogen possesses a lone pair of n-electrons (non bonding)
which are in an sp^ hybrid orbital which lies in the plane of the ring and 
points outward away from the cehter of the molecule, the two lone pair 
electrons fully occupy the available n-orbital. In the benzimldazole mole­
cule there are nine molecular orbitals of the pi type which may be considered 
to arise from the interaction of the nine 2p pi atomic orbitals of the ring 
atoms. There are, however, ten pi electrons (two are contributed by the 
NH nitrogen) so that the lowest five pi orbitals are occupied. Again the 
benzimidazole a'za-nitrogen contributes one n-orbital which is fully occupied. 
The important point about the number of orbitals available is the predic­
tion of the relatively large number of optical transitions of pi*-*—  pi and 
pi ̂ —  n type which can occur in such molecules by the promotion of n or pi
JLorbital electrons to the unoccupied pi orbitals. Quite often one may ex­
pect several such transitions to lie at nearly the same energy. Consequent­
ly, several transitions may appear within the same electronic absorption
region. In the solution spectrum of pyridine or benzimidazole no band
ie 1corresponding to pi<— n transition is readily observable. M. Kasha1 has
observed the expected pi*<e—- n^ transition — ^A^ , — 1a) in the
pyridine spectrum. Rush and Sponer^ observed the same transition. However,
this transition pi ̂ — n^ is partially submerged under the pi pi
(̂ B̂ -*—  •'■Ai , — *A) transition, and, in nonpolar solvents produces a
long wavelength tail on the latter transition.3 These band assignments are
consistent with the observed solvent effects on the pyridine spectrum.
*M. Kasha, Pis. Farad. Soc., J9, 14 (1950).
2j. H. Rush and H. Sponer, J. Chem. Phys.. 20, 1847 (1952).
%. P. Stephenson, J. Chem. Phys., 22, 1077 (1954).
The purposes of this research can be summarized into two parts: a 
general purpose is to see the effect of introduction of a hetero atom on 
the electronic spectra (absorption and emission), and a specific purpose 
is to see whether we shall be able to pick multiple emissions from composite 
heterocyclic molecules. For these purposes a variety of differenct hetero­
cyclic molecules were studied;
A. Pyridine derivatives:
OS-0 0s-0
(I) 4-phenylpyridine (IX) Pyridirie-2-aldehyde. (Ill) Pyridine-3-aldehyde















To confirm the results obtained from the last compound the following com­
pounds were also studied:
5
C-
<I) 2-(a-hydroxyphenyl)- (II) 2-(o-hydroxyphenyl)-
benzoxazole benzothiazole
The last three compounds were used to study spectroscopically the effect of 
intramolecular hydrogen bonding.
The absorption spectram of most of the above compounds can be found 
in the literature; however, the emission spectrum of any of the above compounds 
is rarely found in the literatures. In fact, even the absorption spectra of 
phenylpyridylketones had not been reported until June, 1964.
This is the first time the multiple emissions (the long wavelength 
one is apparently not due to an excimer) of a composite heterocyclic com­
pound are reported. Excited dimer formation has been reported for 2,5-dipheny- 
loxazole.^ The very short excited monomer lifetime (2,6 x 10“  ̂sec. in xylene 
solution) necessitates high concentrations for observing the dimer; even in
0.5 molar solution the dimer emission appears only in the tail of the monomer 
one. Its lifetime has been measured at 14 x 10“^ sec. which reflects the 
partial forbidden nature of this transition in comparison to the correspond­
ing one of the monomer.
Several persons in this laboratory were interested in studying the 
multiple emissions of composite homocycilc molecules.  ̂ Composite molecules 
are defined as molecules that are made up of two or more aromatic subsystems 
which interact sufficiently to perturb appreciably the electronic spectral
^1. B. Berlman, J. Chem. Phys., 34. 1083 (1961).
Ĵ. L. Harris, Ph.D. Dissertation, Louisiana State University, 1965,
p. 1 .
6
characteristics of the independent subsystems. By means of exclton theory
£
Wharton made calculations that indicated that interaction of relatively 
isolated subsystems was a reasonable assumption.
The intramolecular hydrogen bonding in some of the compounds studied 
will help the molecule to be coplanar. Comparing the emissions of such 
molecules with the corresponding ones without the Intramolecular hydrogen 
bonding will help ;to determine whether the total planar molecule is responsi­
ble for any of the emissions or whether all of the emissions are coming 
from the subsystems.
Platt's notation, together with Burawoy's notation, will be used 
for this dissertation. An explanation of the symbolism is given in Jaffe 
and Orchln.^ In this dissertation the ground state from which the transi­
tion arises will not be designated; only the final state will be given.
The reason for this is that it could not be ascertained from the avail­
able data whether there are two sets of ground states or one set. That is,
it is uncertain whether there is a ground state for the whole molecule or 
whether there are ground states characteristic of the subsystems or perhaps
ground states for the whole and for the parts.
®J. H. Wharton, Ph.D. Dissertation, Louisiana State University, 
1962, p. 39.
Ĥ. H. Jaffe and M. Orchin, 'Theory and Application of Ultraviolet 
Spectroscopy,”J . Wiley & Sons, Inc., New York (1962), pp. 294-316.
CHAPTER I 
THEORETICAL
A. Review of Literature:
1. Pyridine Derivatives:
Rush and Sponer^ compared the spectra of pyridine with those 
of methylpyridines in the liquid and gaseous phase. The compounds 
in gaseous phase show two distinct electronic transitions in the 
3,000 - 2,450 A° region. One transition consists of sharp bands 
from 3,000 - 2,700 A°. This transition is overlapped at its 
shorter wavelength end by a stronger transition, which consists 
of broad bands from 2,700 - 2,450 A0. At that time they thought 
that both of these transitions were pi -4—  pi. However, in a sub­
sequent paper Rush and Sponer^ concluded that the weak, sharp 
bands of pyridine in gaseous phase near 35,500 cm"* are due to
A 1 1the singlet— * singlet pi ̂ — njj transitions, A^ , while the
stronger broad bands near 38,500 cm"* are due to the singlet—^
k 1 1 esinglet pi pi ( Bj^— A^) transitions. Rush and Spikier assigned
1 kthe band at 34,769 cm"-1- to the 0-0 band of the pi transition
kin pyridine. The 0-0 band of the pi ̂ — pi transition was not 
identified with certainty but was assigned to one of the bands
*H. Sponer and J. H. Rush, J. Chem. Phys., 17, 587 (1949). 
Ĵ. H. Rush and H. Sponer, ojj. cit.
near 38,350 cm-*. Stephenson^ studied Che pi**—  n^ transition in 
substituted pyridines. He estimated the oscillator strength to be
P -0.003 for the pi**— n^ transition and P ~  0.05 for the pi1* pi
transition in pyridine. Reid^ observed some.very weak absorption 
bands in pyridine near 31,000 cnT^ which have been shown by 
Bearley^ to be due to traces of pyrazine. He has also shown that 
the 26,000 cm~^ phosphorescence is also due to the pyrazine Impuri- 
ty.
Recently Evans** has observed what appears to be a singlet— * 
triplet transition in pyridine near 30,000 cm”  ̂using dissolved 
paramagnetic oxygen to perturb the electronic states of pyridine 
and cause an increase in the intensity of the spin forbidden tran­
sition. Evans concluded that the singlet —^ triplet transition is 
iepi *— pi, probably L •*— AA by analogy with that of benzene.8
It should be mentioned that the pi njj transition in pyri-
1 1  icdine possesses both AA (Plat designation for pi^—  n transi­
tion which is allowed by local symmetry) and ^A (unallowed
£by local symmetry) characteristics if the pi orbital has a non­
vanishing amplitude at the nitrogen atom. This assumes that the
otijj orbital is approximately an sp hybrid orbital. On the other 
hand if the pi orbital has no amplitude at the nitrogen atom,
ju 1 1the pi rity transition possesses no W A character and should
P. Stephenson, op. clt.
4C. Reid, J. Chem. Phys.. 18, 1673 (1950).
■*G. J. Bear ley, J_. Chem. Phys., 24, 571 (1956).
6D. F. Evans, J. Chem. Soc.. 3885 (1957).
be much weaker. The oscillator strength for pi njj transition in 
pyridine (|^ 3  x 10"3) suggests that there may be a significant 
amount of ^A character in this transition.
Krumholz^ reported the ultraviolet absorption spectra of the 
three isomeric phenylpyridines and of the corresponding pyridinium 
ions. He also presented data on the dissociation constants of the
Qbases. Nakamoto and Martel studied the degree of hydration of 
pyridinealdehydes in various media by following the location of 
the "B" band (pi%_ pi transition characteristic of the partial 
pyridyl chromophor) . The position of the pi bands of the hydrated 
and unhydrated forms are different. They reported the ultraviolet 
absorption spectra of pyridinealdehydes in alcohol, -in Various 
water-dioxane mixtures, in hydrochloric acid and in sodium hy­
droxide .
Benzimidazole Derivatives:
A review article on the chemistry of benzimidazoles can be 
found in the literature.9 Benzimidazoles are known also as benzi- 
minazoles or benzglyoxalines. The benzimidazole ring possesses a 
high degree of stability. Benzimidazole distills unchanged above 
300°C and it is not affected by concentrated sulfuric acid when 
heated under pressure to 270°C, or by vigorous treatment with hot 
hydrochloric acid or with alkalies. Oxidation cleaves the benzene 
ring of benzimidazole only under vigorous conditions. The benzi­
midazole ring is also quite resistant to reduction. Benzimidazoles
^J. Krumholz, J. Am. Chem. Soc., 73, 3487 (1951).
®K. Nakamoto and A. £. Martel, J,. Am. Chem. Soc., 81, 5857 (1959).
9J. B. Wright, Chem. Rev.. 48, 397 (1951).
10
are weakly basic, less basic than imidazole. Walba and Isenfee^
gave the following acid dissociation constants of neutral molecules






They also, got the following formal charges:
^  +8/9  ̂ -8/9QC>h g& z
(i| +8/9 +8/9 -1/9
cation neutral anion
Harkins and Freiser^ calculated the acid dissociation constants 
in 50% by volume dioxane at 25° and gave the value for pka for the 
typical reaction BH"^^ B + H* for 2- (o-hydroxy)phenylbenzimidazole 
to be 4.28. Charles and F r e i s e r ^  gave the following acid disso­
ciation constants:
(Cation) Pk0H temp.°C
2-(a-hydrojdyphenyl)benzoxazole < 2 11.57 24.9
2-(a-hydroxyphenyl)benzothiazole < 2 10.22 25.0
The dipole moment of benzimidazole in dioxane at 25° was
Walba and R. W. Isehsee, J. Org. Chem., 26, 2789 (1961). 
*^T. Harkins and H. Freiser, J. Am. Chem. Soc.. 77, 1374 (1955) 
*-2r . Charles and H. Freiser, An. Chem. Acta. 11. 1, (1954).
11
calculated from dielectric 4*ta t6 -be-4.03D.'^ The results did 
not indicate ionization of the imidazole ring.
The 2-(o-hydroxyphenyl) derivatives of benzimidazole,^ benz- 
oxazole and benzothiazole^ ‘ have been used as specific chelating 
agents for some cations. Infrared study of metal chelates of 
2-(o-hydroxyphenyl)benzimidazole showed a decrease in N-H stretch­
ing frequency. It was found that 2-(o-hydroxyphenyl)benzimidazole 
has a broad band concentrated at about 2>530 kaysers which would 
probably be due to the O-H stretching vibration. The correspond­
ing 2-(2-pyridyl)benzimidazole which has no 0-H bond does not show 
this absorption. Since the 0-H absorption band of this reagent is 
at such a low frequency> this would be evidence for the existence 
of a "chelated" 0-H band in the reagent itself. Hunter and 
Marriott^ have postulated the following structure from a consider­
ation of its lack of molecular association.
The differences in the ultraviolet absorption spectra of o,m and 
p-hydroxyphenyl derivatives of bensimidazole have also been shown.
1 OAJ0. A. Osipov, et. a_l., (State University, Rostov-on-Don). Doklady 
Akad. Naufr. S.S.S.R., 137. 1374 (1961); Chem. Abs. £5, 24173F (1961).
^T. Harkins, J. L. Walter, 0. Harris, and H. Freiser, J. Am. Chem. 
Soc., 78 260 (1956).
Charles and H. Freiser, ££. cit. . -
^L. H. Hunter and J. A. Marriott, Ĵ. Chem. Soc. . 777 (1941).
17C. Wiegand and E. Markel, Ann., 557, 242 (1947).
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The chelates have no broad absorption band at 2,530 kayser (region 
of 3 u) because the 0-H bond has been broken in the formation of the 
metal complex. The chelates of the 2-(o-hydroxyphenyl)benzimidazole. 
with metals exhibit a lower N-H frequency than the reagent itself.
The Raman spectra of benzimidazole and some of Its derivatives 
have been studied.*® The infrared spectra and vibrational frequency 
correlations of some benzimidazoles were studied. ^  The room- 
temperature ultraviolet absorption spectra of several benzimida­
zoles, benzoxazoles and benzothiazole can readily be found in the 
literature.20 Uwschutt and Zimmermann^ measured the polarization 
of the absorption, fluorescence, phosphorescence spectra of benzi­
midazole, benzimidazole perchlorate and other azoles in the near 
ultraviolet range. For benzimidazole perchlorate the 0-0 transition- 
from ^La and are closely adjacent. They reported that fluores­
cence takes place from two excited electronic states for benzimida­
zole perchlorate. The phosphorescence polarization indicates that 
the phosphorescence of all molecules is polarized vertically with 
respect to the molecular plane. Energy terms and charge distribution 
were calculated for the pi electrons of some benzimidazoles and 
related compounds using Huckel molecular orbital theory and some 
other approximations.^ For benzimidazole they got:
Epi = 13.8975 (p) , Ed = 3.4579(fi)
l8K, W. F. Kohlrausch, R. Seha, Ber., 71B, 985 (1938).
1%). G. O'Sullivan, J. Chem. Soc.. 3278 (1960)
20r . Passerini, J . Chem. Soc.. 2256 (1954).
91“ H. U. Schutt and H. Zimmerman, Ber. Bunsenges. Physik Chem. 67.
54 (1963)'.
22q . E, Polansky and G. Derflinger, Monatsh fur Chem. 92, 1114 (1961),
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The fluorescence of benzimidazole at different pH values has been 
studied.23 Holzbecher^ reported the long wavelength fluorescence 
of 2-(o-hydroxyphenyl)benzothiazole and a fluorescence of its 
cation and a fluorescence of its anion.
B. General Treatment
itOne of the qualitatively striking differences between pi 4— n
itand pi ^— pi transitions is the contrasting polarization of the tran­
sition for the electric dipole radiation. He can have two types of
it itpi ̂ —  n transitions: an pi ̂  n on an aza nitrogen and another type on
an Ca0 oxygen. The probability of an optical transition of the allowed 
electric dipole type is proportional to the square of the transition 
moment, m, as formulated below. The transition moment equation in­
volves an integration over all space. The integrand consists of the 
wave function of the ground state of the molecule, followed by a carte­
sian component of the electric dipole operator, acting on the wave 
function for the excited state of the molecule. It is possible to 
present the integrand in diagramatic form and to carry out the inte-
O Cgration schematically without recourse to numerical analysis:
Transition moment:
m  = P  Y* [ E ] dTJ-to g x,y, z E
2%. CHR. Borresen, Acta. Chem. Scand. 17, 921 (1963) .
A /. Holzbecher, Collec. Czechoslov. Chem. Communs. 20. 59 (1955).
^M. Kasha, M. Ashraf El-Bayoumi, and H. Rhodes, J. Chlm. Phys., 58. 
916 (1961).
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The simplest example of an pi <4— n transition on an aza nitrogen is 
found in the case of pyridine. The sp^ hybrid n-orbital is seen to
be symmetric with respect to reflection in the molecular plane * The 
electric transition dipole operator can be taken aa an antisymmetric 
vector (arrow) relative to the molecular plane. The part of the
with respect to the molecular plane. The electric transition dipole 
corresponds to the dipole induced in the electronic system of the 
molecule, by the electric vector of the light wave, which vector is 
represented by a multiplicative operator. If we multiply the sign of 
the vector at each point in space by the wave function which follows 
it in the integrand, then multiply (in our imagination) point by 
point throughout space by the sign and magnitude of the n-orbital, 
it can be seen that the integrand remains positive throughout all 
space. Consequently the transition moment will be finite and the
(pi ) molecular orbital on the nitrogen atom is shown as abstracted 
from the complete (pi ) orbital for simplicity; it is antisymmetric
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transition will be allowed leading to a moderate transition. However, 
an electric vector oriented in any direction in the plane of the mole­
cule (yz) would give a zero intensity. The antisymmetry of the pi or­
bitals with respect to the molecular plane cannot be converted to the 
symmetry of the n-orbital with respect to the molecular plane except by 
an out-of-plane electric transition dipole vector. Thus two conclusions
can be drawn from this analysis:
£
1. That an pi «— n transition originating from an aza nitrogen
can be formally allowed for electric dipole radiation.
2. That such pi ̂ — n transitions (singlet —  singlet) will always
be polarized out of the plane of the molecule.
•LThere is a different situation for an pi 4—  n transition on a carbonyl 
oxygen. Here the n-orbital is a 2p atomic orbital on the oxygen 
atom with its plane of antisymmetry perpendicular to the molecular 
plane (yz). Thus the electric transition dipole in any direction can-
afcnot simultaneously convert the antisymmetry of the pi orbital and the
antisymmetry of the n-orbital in such a way as to give a symmetric
integrand through the space (again the part of pi molecular orbital
localized on the oxygen atom was selected). Thus an integration over
the whole space of the molecule in such a case leads to a complete
vanishing of the transition moment. Thus, theoretically, the intens- 
4?ity of pi <—  n transition on a C=0 oxygen is zero. Actually it is 
well known in molecular spectroscopy that such forbidden transitions 
are sometimes observed with a small intensity, as a result of vibra­
tional interaction. In aromatic and aliphatic Cs0 compounds the
JL,pi 4—  n transition is observed with a molar extinction coefficient 
€'-'15 - 300. In complex heterocyclic molecules (as benzimidazole)
•fgthe Pi 4— n and pi {-“ P*- transitions are superimposed. Polarized
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light absorption studies clearly resolve the bands even if they are 
coalesced.
C. Exciton Theory and Exciton Splitting;
The theory of exciton interaction in composite molecules had been
p £developed by Davydov. ° It has been applied to composite molecules of 
interacting subsystems. The theory considers the electronic properties 
of a composite system to be determined by the electronic properties 
of the isolated subsystems plus the perturbation of the individual 
subsystems by each other. As a result of this perturbation degenerate 
states may be split. This is..referred to as exciton splitting. Also 
as a result of this interaction, it is hard to specify which sub­
system of the composite molecule is excited since the excitation ; 
energy is transferred back and forth through the composite system 
(exciton transfer). In the case of aromatic molecules the electronic- 
transitions in the visible and near ultraviolet are determined mainly 
by the pi electrons; hence the interactions between the molecules can 
be approximated by terms in the pi electron wave function. Consider­
ing a dimeric molecule to be composed of individual pi systems, a and 
b, one writes for each isolates system; ̂
Ha 0k - Ek 0ka
Hb «£ -  4  «£
where: and are the energy operators for systems a and b and
^'A. S. Davydov, Theory of Molecular Exciton (New York; McGraw Hill 
Co., 1962).
^J. Wharton, 0£. cit., pp. 6-11.
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(jk and are the electron wave functions for the kth excited state* a d
The Schrodinger equation for the dimeric system which is intramolecular-
ly H-bonded as a whole is given by:
(H + H + V,„ + V . )D » ED a b 12 H B
in which is the interaction potential between subsystems a: and 
b, Vjj.g is the hydrogen bonding perturbation operator, and D is the 
total wave function for the dimeric molecule, and E is the energy eigen 
value.
The two non-trivial solutions to this equation for the excitation 
energy of the kth excited state are:
;AEk-AEk + Bk + Mk + W1 1 a a a
A  + b£ + + W1
in which the energy equation (or solution) is made up of four terms.
The first term is simply the transition energy characteristic of the 
isolated subsystems. The second term is the lowering of the transi­
tion energy due to interaction of the ground state with the excited 
state. The third term is the exciton splitting which takes into 
account the following: dipole-dipole interaction, exchange of elec­
trons and the direction cosines. The fourth term is the energy of 
the H-bond in the excited state.
The quantum mechanical treatment predicts that the spectral 
effects observed as a consequence of excitation delocalization be­
tween the bases (N-heterocyclic bases) can be reduced to one of 
several classical electrostatic models for dipole-dipole interaction 
of the transition moments. Kasha2® used the dipole-dipole interaction
28M. Kasha, M. Ashraf El-Bayoumi, and W. Rhodes, 0£. cit.
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as an approximation to the full interaction between neighboring hy­
drogen bonded N-heterocyclic bases to compare the energy levels of the 
dimer with energy levels of isolated systems. In addition, the vector 
sum of the transition dipoles will indicate the band intensity ex- 
pected to be observed. Thus in a parallel orientation of the transition 
moments in the dimer, the higher or repulsive arrangement of transition 
dipole results in an allowed exciton level whereas the lower or attrac­
tive arrangement of transition dipoles results in a forbidden exciton 
level and as a result a blue shift is expected for the dimer compared 
with the monomer. Analogously a head-to-tai] arrangement of transi­
tion dipole leads to a red shift for the dimer, whereas an oblique 





Blue Shift Red Shift Band Splitting
In compounds studied in this work there is no dimer but the combina­
tion consists of two subsystems which are not identical but ate intra­
molecular ly H-bonded. In Kasha's work the dimer consists of two 
identical monomers which are intermolecularly H-bonded. So, in this 
work the energy levels of the two subsystems and their dipole moments 
will not be identical. The model most nearly applicable to the com­
pounds studied in this research is the one of the oblique arrangement 
of the dipole moments.
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In its preseht state exciton theory is very approximate in 
explaining quantitatively the spectra of composite molecules in which 
intermediate coupling between subsystems exists. It has not been 
used quantitatively in this work because some necessary experimental 
data are not accessible.
D. Solvent Effects:
This research is not primarily concerned with a study of solvent 
interaction, so there is discussed herein only that portion of sol­
vent interaction theory which is relevant to the solvent interactions 
used herein as spectroscopic tools.
Solvent interactions with polyatomic solutes offer an excellent 
method by which some aspects of the solute electronic spectra can be 
interpreted. Qualitatively, the solvent interacts with the solute 
molecule through electronic potentials that result in changed energy 
states for the solute molecule. The interactions are mainly electric 
dipole interactions and have been theoretically treated.
The electronic absorption spectra of solute molecules show sol­
vent induced frequency shifts which depend mainly upon (1) the 
electric dipole moment of the solute molecule in its electronic 
ground state, (2) the electric dipole moment of the solute in its 
electronic excited states, (3) the polarizability of both the solute 
and solvent molecules, and (4) the electric dipole moment of the 
solvent molecules.
The only portion of solvent effect that was studied in this re­
search was an investigation of the effect of a polar solvent, alcohol, 
and a nonpolar solvent, cyclohexane, on band position of the two dif­
ferent transitions (pi%—  n and pi%— pi). A polar solvent generally
causes a pi pi transition to shift to a longer wavelength owing to 
the interaction of the transition dipole with a polarizable medium. 
However, pi pi transitions which shift to shorter wavelength are 
known to occur in certain heteropolar systems. A polar solvent gen- 
erally shifts the pi ̂ —  n transitions to shorter wavelengths. A polar 
solvent also causes blurring of the vibrational sturctures of an 
pi%_ n transition. This blurring is attributed to the,very short 
lifetime of the Frank-Condon excited state. For example, the car­
bonyl oxygen is at a negative end of the molecular dipole and the
'ftpi-<— n absorption results in a decrease in the dipole moment. Light 
absorption occurs in a shorter time than that required by the solvent 
molecules to follow this decrease in dipole moment (Frank-Condon 
principle), sd̂ .that in polar solvent the excited molecule immediately 
after absorption will not be in equilibrium with its environment. The 
molecule is then in the Frank-Condon excited state. (In a non-polar 
solvent the solute solvent forces arise from effects due to disper­
sion and polarizability. These change quickly .enough during absorption 
to maintain equilibrium.) At normal temperature equilibrium in polar 
solvents is established very quickly (10"^- 1 0-^  seconds) so that the 
non-equilibrium state has a very short lifetime. The uncertainty 
principle then does not permit establishment of vibrational quantiza­
tion. On cooling a solution of carbonyl compound in polar solvent to 
a rigid glass, vibrational structure develops. The glass hinders mole­
cular rotation, making the lifetime of the Frank-Condon, or non­
equilibrium, excited state approach that of the excited state in equi­
librium with the solvent. Vibrational quantization is then established.
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on £.Sidman gave a complete discussion of the pi * n electronic transi­
tion in carbonyl and aza aromatic compounds. He gave semiempirical 
calculation of the energy of U^-A transition (one kind of pi^— n 
transition). It seems certain that hydrogen bonding or solvation of 
the nonbonding electrons by a polar solvent plays an important role in
'fcthe characteristics of the pi n transition, but effects contributed 
by other interactions (stated previously) are equally important and 
cannot be neglected.
The following relation is a simplified version of McRae's original
onequation. The relation between electronic frequency shifts and sol­
vent property is:
A y  = dispersion forces + B
- v  - Vi
H  is the vapor phase absorption frequency. The dispersion forces 
effect is smaller compared with the effect of the other terms. B and 
C are constants characteristic of the solvent molecule. D is the 
dielectric coefficient and n^ is the index of refraction measured with 
the sodium D line. B and C are defined as:
r  2 •
nd - i +c
D-l n2 . d i




Ij, W. Sidman, Chem. Rev., 58. 689 (1958).
'm . Ito, K. Inuzuka, and S. Imanishi, J. Am. Chem. Soc., 82, 1317
in which and represent the dipole moment vectors of the 
solute molecule in the ground and electronic excited stata respec­
tively. Onsager’s reaction radius for solute molecule is "a".
It is immediately apparent thalt by means of solvent shift 
studies the change in dipole moment between the ground and excited 
electronic states may be determined. This information may be 
significant in determining the electronic structure of an excited state 




1. Hydrocarbons: Phillips pure grade 3-methylpentane, isopentane,
methylcyclopentane, and methylcyclohexane were washed repeatedly with 
fuming sulfuric acid and then rinsed with water, saturated sodium 
carbonate solution and then water again. The solvents were dried 
over anhydrous magnesium sulfate for at least 24 hours and then dis­
tilled at a rate of 10 to 20 drops per minute. The still consisted 
of an electrically heated pot and a 30-inch column filled with glass 
beads. Solvents were considered to be satisfactory when the ultra­
violet absorption characteristics of the unsaturated impurity had 
been eliminated or minimized, and when either there was no solvent 
emission or the remaining emission was too weak or too diffuse to 
interfere with the determination of the desired emission spectra.
For solvent studies cyclohexane of spectro-grade was used without fur­
ther purification.
2* Isopropyl Alcohol: Spectro grade isopropanol was used with­
out further purification.
3. Absolute Alcohol: U. S. .I., U. S. P. - N.F. ethyl alcohol of 
reagent quality was used without further purification. It was used 
to prepare EPA. Benzene impurity is not the cause of any of the 
emission bands that were obtained in this work.
4. 95% Alcohol: Commercial ethyl alcohol was used without further
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purification.
5. Diethyl Ether: Mallinckrodt anhydrous diethyl ether was used T:
without further purification.
B. Purification of Compounds;
Pyridine Derviatives:
1. 4 PhenylpVridine: K and K commercial grade 4-phenylpyridine
was vacuum-sublimed twice.
2. Pyridine-2-Aldehyde: This compound was obtained from Columbia
Organic Chemicals Co. and purified by distillation under reduced pres­
sure in an atomosphere of dry nitrogen. The middle fraction was used 
in the spectroscopic studies.
3. Pyridine-3-Aldehyde: This was obtained from the same company
as was the 2-aldehyde and was purified by a similar procedure.
4. Phenyl-2-pyridyl Ketone: K and K commercial grade phenyl-2-
pyridyl ketone was purified by distillation under reduced pressure in 
a nitrogen atmosphere,
5. Phenyl-3-pyrjdyl Ketone: The sample was obtained from Columbia
Organic Chemcials Company and purified by vacuum subliming it 3 times.
6 . Phenyl-4-pyridyl Ketone: The compound was obtained from Colum­
bia Organic Chemicals Company and purified by vacuum-auhljiaing it two 
times. There were no differences in spectra between the sublimed 
compound and the original one.
Benzimidazole Derivatives:
1. Benzimidazole: :Matheson Coleman and Bell commercial grade ben­
zimidazole was purified by vacuum subliming it 4 times. Another sample 
was purified 4 times by recrystallization from alcohol. There were no 
differences in spectra between the two samples purified by the two 
different ways.
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2. 2-Phenylbenzimidazole: K and K commercial grade was purified
by four vacuum sublimations, and another sample was purified through 
crystallizations from 95% alcohol. No differences in spectra of the 
two purified samples were recorded.
3. 2(o-Hydroxyphenyl)benzimidazole: K and K commercial grade was 
purified by subliming it 4 times in vacuum. Another sample was re­
crystallized 3 times from 95% alcohol. A third sample was dissolved 
in boiling 95% alcohol, then a small amount of activated charcoal was 
added to the boiling alcoholic solution, and the mixture was stirred 
and then filtered. Hot water was added until crystallization was 
imminent. On cooling the compound crystallized. The whole procedure 
was repeated on the crystallized product. The compound was dried and 
had a m.p. of 241.5 - 242.5. (literature 241.6 - 242.2).* There were 
no differences in the spectra between the samples purified by different 
methods.
Benzothlazole Derivatives:
1. 2(o-Hydroxyphenyl)benzothiazole: Eastman Kodak reagent grade
was purified by the third method used td purify 2-(o-hydroxyphenyl)- 
benzimidazole. It has a m.p. of 131.5 - 132 (literature 132-133).  ̂
Benzoxazole Derivatives:
1. 2-(d-Hydroxyphenyl)benzoxazole: Eastman Kodak reagent grade
was purified in the same manner as was 2 (o-hydroxyphenyl)benzothia- 
zole. It has a m.p. of 124.2 - 124.8 (literature 123-124).^
•̂D. W. Hein, R. J. Alheim and J. J. Leavitt, J. Am. Chem. Soc.,
79, 427 (1957).
R̂. g . Charles and H. Freiser, J. Org. Chem.. 18, 422 (1953)
M̂. Wronski (University Lodz, Poland). Roczniki Chem., 33, 809 
(1959); Chem. Abs. 54. 3381b (I960).
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C. Spectral Measurements
1. Ultraviolet and Visible Absorption Measurements
The absorption spectra of the molecules under study were measured 
with a Cary model 14 spectrophotometer. The wavelength measurements 
were good to - 3 A° when they were read from the wavelength indicator. 
The wavelength readings were reproducible to within 0.5 A°. The re­
solving power of the monochromator is reported by the manufacturer 
to be 1 A0 throughout the range 1,900 A° to 30,000 A°. This corres­
ponds to 25 cm"^ at 2,000 A0 and 6.25 cm'^ at 4,000 A°.
The solvents used in absorption work at room temperature were 
spectroscopically pure. The solvents used for absorption work at 77°K 
were in general the same as those used for emission work. The 77°K 
absorptions were run versus air in the reference compartment. Tempera­
ture was not rigorously controlled, however, room temperature was 
rarely different from 22° centigrade. Quantitative absorption meas­
urements were made on all compounds in 95% alcohol and were made on 
some compounds in cyclohexane.
The vapor absorption spectra of some compoounds were measured with 
the Cary Instrument; the 1 meter thermostated gas cell supplied by the 
manufacturer was used.
2. Emission Measurements
Occasionally the Aminco-Keirs phosphofluorometer was used for 
emission measurements. However, most frequently the Cary model 14 
was used'. The. Cary was Investigated for. this purpose by Howard 
Williamson.^ He found that moderately intense emissions can be




1 & 7 - Light source
2 - Monochromator
3 - front surface
alumina tad mirroi?
4 - Dewar flask
5 - Sample tube
6 & 12 - Cary model 14 
S - filter holder 




13 - Entrance lens 
of the Cary
figure 1. Experimental arrangements: A. for total emission»
B. phosphorescence.
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recorded quite satisfactory by means of the Cary. The Cary does not 
have as good resolution in emission studies as in absorption; however, 
the resolution is much better than that of the Aminco instrument.
a. Fluorescence Emissions: The experimental arrangement is shown
in Figure 1. The same arrangement was used to measure room temperature 
and 77°K total emission. The exciting wavelength can be selected by 
Perkin Elmei; model 12 which has a resolving power of * 10-15 A0. The 
exciting light source was either a xenon arc or a xenon-mercury arc. 
There are different ways by which the sensitivity of the Cary could
be increased or decreased so as to be able to record satisfactorily 
either weak or strong emission. At liquid nitrogen temperature when the 
arrangement for total emission is used, it is not always possible to 
detect the phosphorescence emissions. However, their intensitites are 
weaker than they are when phosphorescence arrangement is used.
By removing the tungsten light source from the Cary the fluores­
cent sample may be placed directly in front of the entrance lens. The 
instrument is set to record energy, and the fluorescence emission is 
recorded directly with the Cary 14 detecting system.
b. Phosphorescence Emissions: The phosphorescence emission was 
measured in rigid glassy solutions at liquid nitrogen temperature.
The solvents that were most frequently used were:
1. EPA: a mixture of absolute alcohol, isopentane and diethylether 
with proportion of 2:5:5 by volume.
2. Butanol-Isopentane: a mixture of one part of butanol and 5 
parts isopentane.
3. 3-Methylpentane
4. PH: a mixture of methylcyclopentane and methylcyclohexane of 
proportion 1:1 by volume.
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Generally speaking, the above solvents were used for emission 
studies. A rotating disk Becquerel type phosphoroscope was used in 
this work and was put directly in front.'of the entrance lens of the 
Cary. The phosphorescences were excited by the full intensity of a 
General Electric AH-6 high pressure- mercury lamp without frequency 
selection. The arrangement is shown in Figure 1. Phosphorescence 
emissions were recorded directly with the Cary 14 detecting system. 
Emissions from solutions immersed in liquid nitrogen are more difficult 
to record because nitrogen bubbles interfere with the energy signals. 
When an ultra clean Dewar flask is used, the nitrogen evaporates from 
the surface only, and the interference from nitrogen bubbles is removed. 
A piece of string was tied around the sample tube to help nitrogen 
evaporate smoothly.
CHAPTER III 






The absorption spectra of 4-phenylpyridine in cyclohexane and 95% 
ethyl alcohol compared with that of biphenyl in 95% ethyl alcohol are 
shown in Figure 3. If Figure 2 is compared with Figure 3 we see that the 
structure which was observed in the spectrum of benzene or pyridine is 
completely lost and we have a smooth curve :in the spectrum of 4-phenyl­
pyridine. The structure is partially lost in the spectrum of 4-picoline 
(Figure 2). The same observation is clear when one compares the spectra 
of benzene and biphenyl.
When an ethylenic double bond is attached to the benzene nucleus 
as in styrene, the increase in conjugation causes a movement to longer 
wavelengths Of the short wavelength absorption band from 2,0U0 A°
(€ - 7,940) in benzene to Xmax. 2,445 A° ( £ — 14,000). When two ben­
zene nuclei are joined together as in biphenyl, the conjugated system 
gives rise to an absorption spectrum differing from that of benzene in 
being mdre intense (£ —  18,000 - 2 0,0 0 0) and in exhibiting a new band at 
2,470 as a smooth curve without the fine structure found in benzene. It 
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3. Absorption Spectra of 4-Phenylpyridine and Biphenyl.
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has been displaced by conjugation to 2,500 A0 in biphenyl and the 
intense absorption completely masks the more characteristic but less 
intense group of bands with its center at —  2,500 A0 which is also . 
exhibited by benzene.* When the pyridine nucleus is joined to benzene 
the light absorption indicates that a system is formed similar to that 
of biphenyl. Therefore, it may be assumed by analogy to biphenyl that
in polar forms (excited states) of phenylpyridines and dipyridyls the
9 *rings are joined by double bonds.
That some, kind of electronic interaction involving a double (or pi) 
bond between both rings is related to the characteristic spectral 
behavior of the polynuclear compounds is indicated by the spectra of 
the quaternary N-Me compounds.3 in all the << substituted quaternary 
compounds the absorption spectrum consists of one unique band of re­
duced total oscillator strength in comparison with those of the spectra 
of the free bases and their5NH ions.
A second observation of Figure 3 shows that ^  max. of 4-phenyl­
pyridine is red shifted by ~  80 A0 in ethyl alcohol as compared to
^H. H. Jaffe and M. Orchin, oj>. cit., p. 273.
^G. wheland, "The Theory of Resonance." John Wiley & Sons, Inc., 
New York, 1944.
3p. Krumholz, J. Am. Chem. Soc., 73, 3487 (1951)
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X  max. in cyclohexane. This indicates that the transition at 
Xnax. (2,500 A°, log €. = 4.361 in ethyl alcohol) and at ,X max.
(2,475, log € = 2.667 in cyclohex.) is a pi pi transition which, 
as was said previously, is probably the benzene transition at —  2,000 
A° which was red shifted by conjugation with a pyridine nucleus, or 
a short wavelength pyridine absorption which was red shifted by conju­
gation with benzene nucleus. Another observation which confirms the 
above assignment is that the spectrum of 4-phenylpyridine is red
shifted in comparison with .the spectrum of biphenyl in the same sol-
£vent. It is known that pi 4—  pi bands in benzene and monocyclic azines 
are shifted (generally) to the red by both electron donating and 
electron withdrawing substituents because either group reduces the 
energy separation between the highest occupied and lowest unoccupied 
pi orbital. Nitrogen substitution lowers the energy. Apparently 
there are two controlling factors: 1) the 2p pi orbitals of the
nitrogen atom have lower energy and hence lower each orbital accord­
ing to the extent of their contribution, 2) by the inductive effect, 
the nitrogen atoms lower the 2p pi energy bands of the carbon atoms, 
particularly the vicinal ones and these produce a smaller, more uni­
form, lowering of all levels. 
pi*<— n Transition:
As was said previously, it was found that there are two transi-
q q 1tions in the 34 x 10" - 46 x 10^ .cra_J- region of the spectrum of py- 
and substituted pyridine.^ Transition I, which is a weak one and 
due to the excitation of one of the nitrogen non-bonding sp^ electrons
^H. p. Stephenson, cje,. cit.
(pi*«—  n) transition, ahd Transition It, which is a strong pi*<— pi 
transition. The pi n ttansition of a monocyclic azine is not for­
bidden by symmetry, and a strong 0-0 vibrational band has been found 
by Rush and Sponer in the spectrum of the vapor of pyridine. The low 
intensity of the pi n transition may be explained by three factors 
First, the lone pair and pi pair orbitals of an azine are concentrated 
in different regions of space, and transitions that require a large 
change in position of an electron are improbable.** Second, only the 
s - component of the sp hybrid lone pair orbital can contribute to 
the transition moment since p^  transitions are forbidden.^
The third factor, the small overlap between pi electron charge dis­
tributions of the ground and excited state is not of great importance. 
This factor leads only to a fourfold reduction in the intensity of 
the pi n transition of pyridine and it is less significant in case 
of polyaza compounds.
The pi*^-n transitions of azines show small red shifts on 
changing from the vapor to cyclohexane solution. This can be ascribed 
to the momentary polarization of the hydrocarbon solvent by the transi 
tion dipole of the azine molecule in solution.^ Now it is difficult 
to assign a precise position for the pi ■<— n transition in compounds 
such as the phenylpyridines since it just appears as a tail sub-
j*merged within the strong pi <— pi transition. However, if one looks 
at Figure 3 again he can see that the long wavelength transition,
around 300 mu, is more intense in cyclohexane whereas the transition
Ĵ. R. Platt,- J. Chem. Phys.. 19, 101 (1951).
L̂. E. Orgel, J. Chem. Soc., 121 (1955).
N̂. S. Bayliss and E. G. McRae, J. Phys. Chem. 58, 1002 (1954).
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around 250 mu is much more Intense in alcohol than in cyclohexane 
(compare the extinction coefficients). Stephenson® found also that 
the long wavelength transition in picolines is more intense in cyclo­
hexane than in alcohol. This la interpreted by assuming that in al- 
cohol the nitrogen non-bonding (sp̂ ) electrons become involved in 
formation of H-bonding and their excitation requires more energy and 
so the pi n transition moves to the violet while the pi pi tran- 
sition moves to the red and so hides the weak pi n transition.
An assumed H-bond strength of 6Kcal/mole corresponds to a shift of 
2,000 cm“l. This shift causes transition I (around 300 m,u) to move 
in the region of transition II (around 250 m u). This blue shift pro­
vides also a measure of the electron donating capacity of the azine. 
When one observes Figure 3 he can see that the pi*.^_ n transition (I) 
is a little bit clearer in a glassy solution at 77°K ( "~ 3,000 - 
2,700 A°) and in the vapor phase at 100°C. The problem of the 
pi-<—  n transitions of azines has recently been very carefully studied 
by Goodman^ who concludes that the intensities are well described by 
a simple model involving sp^ hybridization for the lone pair electrons 
but that no satisfactory treatment for the transition energies has been 
given.
B. Emission Spectra of 4-Phenylpyridine:
1. Fluorescence:
The simplest aromatic heterocyclics, pyridine, pyrole, furan and 
thiophene do :not fluoresce. .This problem has been discussed for some
. t__________i .  • .___________.
®H. P. Stephenson, oj>. cit.
®L. Goodman, J. Mol. Spectroscopy. (>, 109 (1961)
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10pyridines and related compounds. v It is believed that radiation- 
less transition to a triplet state competes successfully with fluores­
cence and leads to a phosphorescent state.
The.total emission spectrum of 4-phenylpyridine is shown in 
Figure 4. It was obtained from a rigid glassy solution at 77°K. The 
intensity of the phosphorescence is much more than that of the fluores­
cence. However, the weak band around 310 m u which corresponds to the 
fluorescence overlaps the long wavelength tail absorption (pi*^_ n)
and shows the mirror image relation to the pi ̂  pi absorption band.
This may indicate that the fluorescence of 4-phenylpyridine is caused
juby transition from the (pi , pi).
Figure 4 shows also the total emission spectrum of biphenyl. 
Biphenyl seems to phosphoresce as well as fluoresce at a comparable 
intensity. It also fluoresces much more intensely than 4-phenylpyri- 
<Jine. The mirror image relation between the fluorescence and absorp­
tion can be seen (comparing Figures 3 and 4).
2. Phosphorescence Spectra:
Figure 4 shows the phosphorescences of 4-phenylpyridine. and of 
Biphenyl in PH in addition to the total emission of the two compounds. 
There is no significant blue shift ^ 50 A° in the maxima bands of the 
phosphorescence of 4-phenylpyridine as one goes to a polar solvent.
The phosphorescence of biphenyl is red shifted with respect to that 
of 4-phenylpyridine although the absorption band of biphenyl is blue 
shifted with respect to that of 4-phenylpyridine. This indicates 
that the separation between the first triplet and the first singlet
10M. Kasha, op. clt.
figure 4. Wavelength mu
Emission Spectra of 4-Phenylpyridine and Biphenyl.
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excited states in 4-phenylpyridine is smaller than that in biphenyl. 
The phosphorescence halfllfe of 4-phenylpyridine was measured and 





Biphenyl   4-Phenylpyrldine .
XA° V cm 1 XA° V c m”1
5,330 18,760 5,130 19,490
4,900 20,400 4,700 21,220
4,700 21,270 45,20 22,120




X A° y Cm-1 XA° V cm"1
3,130 31,940 3,120 32,050
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Section £
Pvrldinealdehvdes and PhenVlpvridyl Ketones
A. Absorption Bands
Aromatic carbonyl compounds have three groups of bands. The high
Intensity (K band, Buraway notation) Is due to the allowed transition
+of the benzoyl chromophore which may be represented by Ph-C ■ 0-»ph = C-0" 
and occurs near 2,400 A°. The next band (B band, Buraway notation) oc- 
curs near 2,800 A°, is of low intensity and is ascribed to the for- 
bidden transition associated with the partial phenyl chromophore.
The lowest energy absorption band occurs near 3,300 A° (R. Buraway 
notation) is of low intensity and is due to the transition of the par­
tial carbonyl chromophore. In this work the three transitions of 
heterocyclic aromatic carbonyl compounds were studied. The low in­
tensity, lowest energy absorption band found in carbonyl compounds is 
interpreted as resulting from a transition involving a non bonding 
electron localized on the carbonyl oxygen. Transitions of this type 
are commonly termed pi n ('jj ̂ —  n) transitions and occur in many 
organic compounds that contain hetero atoms.H In this work one expects 
two types of pi n transitions:
Pi*-4- nC«0 and pi*«“ nN
From the previous discussion on phenylpyridine one knows that the
JL JLpiV- n̂ j occurs as a long wavelength tall on the strong pi pi tran­
sition and does not appear as an isolated band except in the vapor 
phase. Therefore, it is believed that the lowest energy transition 
of pyridlnealdehydes and phenylpyridyIketones which can be isolated
H m . Kasha, op. cit.
as a discrete band and shows vibrational structure in non polar sol- 
vents is an pi^— no>0 tran8*-ti-on analogous to those of benzaldehyde 
and benzophenone. The room temperature absorptions of pyridine-2- and 
3-aldehydes in cyclohexane are compared with that of benzaldehyde in 
Figure 5. Vibrational structure of the pi*-*- nc=0 transition is clear. 
It is also clear that there is no appreciable difference in the position 
of the vibrational levels between pyridine-2- and-3-aldehydes. How­
ever, it can be seen that these are red shifted with respect to those 
of benzaldehyde. This is to be expected since the nitrogen atom in 
pyridine-2- and 3-aldehyde is more electronegative than the C- atom 
in benzaldehyde and hence the nitrogen atom facilitates the p i % — nc=o 
transition. The general marked similarity between the lowest transition 
in benzaldehyde and pyridinealdehydes confirms that this transition in 
the pyridine aldehydes is an pi one. Figure 6 shows the absorp­
tion bands in polar solvent. The indistinct vibrational structure at 
room temperature and the blue shift of the pi n maxima can be seen 
on comparing Figures 5 and 6 . Not much difference between the pi 4—  n 
bands spectra of the three aldehydes could be determined at room tem­
perature since there is no distinct structure.
In cases in which the vibrational structure of the pi*^ n band 
is resolved (either in nonpolar solvents at room temperature or in 
polar solvents at low temperature) it is found that the vibrational 
interval is approximately 1,200 to 1,310 cm"*. This same interval is 
found in pi^-n bands of aliphatic aldehydes where it is assigned to 
the carbon-oxygen vibration in the excited state. The agreement of 
this vibrational frequency with the carbon-oxygen bond stretching fre­
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excited state with the normal single bond distance has been discussed 
by Buck and Bcheibe.i2 These authors offer configuration I as a model 
of the ground state and II of the emitting state, where arrows indicate 
the lone pair of oxygen p electrons and the pi electrons. The direction 
of the arrow indicates the relative spin.
i , it tli
i ^//
9— *— £) c --------------tf
i 1 P 1] y  | , >  i
I II
These models emphasize the localization of the pi n absorption in
the carbonyl group where it is influenced to a comparatively small 
extent by the remainder of the molecule. Figure 5 shows the similar- 
ity of the pi n bands of pyridine aldehydes and benzaldehydes.
Figures' 5 and 6 show also the ”K" and "B" bands of benzaldehyde 
and pyridine aldehydes. The "B" band of benzaldehyde shows more vibra­
tional structure in nonpolar solvent and no detectable shift with change 
of the solvent. The "K" band shows a doublet structure in nonpolar 
solvent only and is slightly red shifted ( '— 50 A°) in polar solvent.
The above characteristics agree with the general characteristics of 
pi <— pi transitions. In the region of the "B" band of pyridine aide- 
hydes we expect two transitions, pi nN and pi pi (of the nucleus).
It is known that the pi*^ pi is more intense than the pi*-*—  n^ which
is hidden under the pi pi transition. Apparently, it seems unusual 
to get more discrete spectrogram in a polar solvent than in a nonpolar 
one. However, this can be taken as an indication of the existence of
.Bruck, and G. Scheibe, Z. Fur, Elektrochem. 61. 901 (1957).
two' transitions (pi n^ and pi ̂ —  pi) in this region. The same type 
of argument was given by Kasha to explain the more discrete spectrogram 
of- picolines in polar solvent than in nonpolar solvent. Stephenson^ 
studied the solvent effect on the spectrum of pyridine, picolines, 2- 
and 3-dialo-pyridines (fluoro, chloro and bromo derivaties). The effect 
was similar in the cases of pyridine, picolines and the 3-halo pyri-
U.
dines. The situation was different for the 2-fluoro, 2-chloro and 2- 
bromo pyridine. In the low energy regions of the spectrograms he 
found that the strength of absorption is practically the same in polar 
and nonpolar solvent. It appeared that ortho substituted compounds 
did not show any indication of pi nN singlet-singlet transition.
He explained this because the inductive attraction of the halogen 
atom attached to the carbon adjacent to the nitrogen atom increases 
the binding energy of the nonbonding electron over that existing in py- 
ridine. It is assumed that the increase in energy is such that the 
pi nN transition shifts into the spectral region of the pi ■+- pi 
transition or futher. Other workers have suggested that the intra­
molecular blue shift is due to the electron-donating resonance effect 
of the halogen substituent which increases the energy of the excited 
state relative to the energy of the ground state. The same situation 
was found with pyridine-2-aldehyde in which the carbonyl group attracts 
electrons by induction and also perhaps by resonance effects. There* 
fore, it is expected that the blue shift of the pi n^ transition 
may be greater in pyridine-2-aldehyde than in 2-fluoro-pyridine, and : 
it is much more difficult to clearly detect the pi%—  njj transition.
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The "KM baud of pyridine-2-aldehyde shows the same characteristics as 
the "K" band of benzaldehyde.
•jfJust as Stephenson was able to detect the pi nN transition in 
3-£luoro, 3-chloro, and 3-bromo pyridine much more clearly relative to 
that of the 2-isomer, one expects to be able to detect the same transi­
tion in pyridine-3-aldehyde more clearly than in the pyridine-2-alde'r 
hyde. This can be seen when one examines the "B" band of pyridine- 
3-aldehyde in Figures 5 and 6 . It can be seen that the intensity of 
the long wave length tall of the "B" band is higher in cyclohexane 
than in alcohol. Since the spectrogram of the "B" band taken in al­
cohol is more discrete than that taken in cyclohexane, this may indi­
cate the existence of two transitions in this region; Kasha used the 
same argument to interpret the spectra of picolines. The red shift of 
the "K" band upon going to polar solvent is not as apparent in pyri- 
dine-3-aldehyde as in pyridine-2-aldehyde. This may be due to the 
difference in symmetry and resonance structures. When alcoholic HOI 
is used as a solvent one expects to have structures like this:
r
OEb
and so we lose the "K" band pi pi (due to conjugation) as well as
•A>the pi n of the carbonyl group. What we get is only an intense "B*1 
band at 2,590 A0.
In benzaldehyde as well as pyridine aldehydes it is known that the 
"B" and "K" bands are both pi*.*—  pi transitions. The "B" band is due 
to th£ benzene nucleus in benzaldehyde and to the pyridine nucleus in 
pyridine-aldehyde. It is generally known that the pi**_ pi absorption
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bands in benzene and pyridine are red shifted by both electron with­
drawing and electron donating substituents as both decrease the energy 
gap between the highest occupied and lowest unoccupied orbital. In 
agreement with this it was found at the beginning of this work that 
the pi pi absorption band of 4-phenylpyridine is red shifted rela­
tive to that of biphenyl. One expects the same thing to happen with 
pyridinealdehydes as compared with benzaldehydes. However, if one 
looks to Figures 5 and 6 he finds that the reverse is experimentally 
observed. The results of this work confirm the results of other 
authors.^* ^  The maxima of the "B" bands of both the 2- and 
3-pyridine aldehydes are blue shifted with respect to that of benz­
aldehyde by about 110 A° in cyclohexane and the "K" bands of the 
pyridinealdehydes are also blue shifted by about 110 A° in the same 
solvent. The "B" band of benzaldehyde is at 2,800 A° and that of 
pyridinealdehyde at 2,690 in hydrocarbon solvent. In alcohol it is 
found that the maxima of the "B" bands of pyridine aldehydes are 
blue shifted by about 200 A° with respect to that of benzaldehyde 
(the "B" band of pyridine aldehydes is at 2,600 A° and that of benz?.' ’ 
aldehyde is at 2,800 A°). The big blue shift (200 A° in alcohol and 
110 A0 in cyclohexane) may be taken as further evidence that in the 
region of "B" band in pyridine aldehydes two transitions exist 
(pi*^_ njj and pi%_ pi) • The "K" band of pyridine-2-aldehyde is
C. Dearden, and W. F. Forbes, Can. JL Chem. 36, 1362 (1958).
^K. Nakamoto, and A. E. Martel. J. Am, Chem. Soc., 81, 5857
(1959).
^W. F. Forbes, and W. A. Mueller. Can. J. Chem., 33, 1145 (1955).
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blue shifted with respect to that of benzaldehyde by 100 A° and that 
of pyrldine-3-aldehyde by 150 A°. The blue shift of the "K" band 
can be rationalized. One knows that the "K" band is due to a transi­
tion that can be represented by
(a) Ph-C - 0 -»Ph+ = C-O"
(b) Py- C = 0 — »Py+ = C-0" 
where Py = pyridine
As nitrogen is more electronegative than carbon it is not unusual to
find that excited states represented by the resonance structures of
(b) are at higher energy than that represented by resonance structure
in (a) because the transition represented by (b) will oppose the
direction of the dipole moment.
The above result is not unusual. In pyridine, a substituent can
be introduced in any one of three distinguishable positions and produces
somewhat different effects, depending on the position of the substituent.
It was found*-7 that a methyl group produces a red shift in all three
positions and the methoxy group in the 4-posltion causes a considerable
1 ^
blue shift of the I^Cpi pi) band of pyridine. It has been sug­
gested that the base strength, and hence the hydrogen-bonding power of 
the nitrogen atom, plays a major role in determining the spectrum.
Table II gives the absorption frequencies and the molar extinction 
coefficients of the pyridinealdehydes.
Phenylpyridyl Ketones:
Benzophenone has three bands of absorption which are in the order 
of decreasing wave length:
17Jaffe and Orchin, oj>. cit., p. 375.
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TABLE II
Absorption Frequencies and Molar Extinction Coefficients of Pyridine 
aldehydes:
pyridine -2 -aldehyde Pyridine -3-aldehyde
Cyclohexane
Alcohol
X a° -T -1y cm l°g€ X a° V cm ^ ioge
3,790 26,380 0.95 3,780 26,450 0.81
3,620 27,620 1.33 3,670 27*240 1.03
3,520 28,400 1.43 3,610 27,700 1.18
3,370 29,670 1.61 3.500 28.570 1.41
3,250 30,760 1.69 3,350 29,850 1.48
3,220 31,050 1.48
2,690 37,170 3.70 2,770 36,100 3.45
2,630 38,020 3.67 2,690 37,170 3.61
2,310 43,290 4.18 2,640 38,870 3.59
2,290 43,660 4.12
3,200 312,500 1.71 3*300 30,300 1.43
3,200 31,250 1.46
2,640 37,870 3.50 2,660 37,590 3.34
2,590 38,610 3.52 2,600 38,460 3.35
2,535 39,370 3.46 2,530 39,520 3,30




R band (for.C * 0 absorption, pi%— n)
ifB band (for benzene ring absorption pi +- pi)
K band (for conjugation)
Most of the "B" bands of benzophenone are masked by the much stronger 
"K" bands which are due to an allowed transition of the benzoyl chromo­
phore represented by Ph-C * 0 -VPh"*"=C-0. These bands clearly reflect 
the geometrical delation between the benzene rings and the carbonyl : 
group and occur between 2,530 A° - 2,710 A° when ethyl alcohol is the 
solvent. In nonpolar solvent the "K" bands occur between 2,480 - 
2,650 A0.. In benzophenone the two phenyl groups cannot be accommo­
dated in the same plane because of the interference between the H atoms 
at 2, 2 positions. Assuming 130° between the 1, 4 axes of the phenyl 
groups J o n e s 1 ** calculated the minimum angle between the planes of the 
nuclei to be about 30°: on the assumption that benzophenone is symme­
tric this angle may be divided equally between the two halves of the
molecule giving a value for 9 between the planes of each benzene ring 
and the carbonyl group of 15°.
Steric interaction between parts of the molecule causes blurring 
of the vibrational structure, even in nonpolar solvents. Examination 
of Figures 7 and 8 shows that the pi*^-nc_0 transition is blurred even 
in nonpolar solvent and more blurred and blue shifted in polar sol­
vent. In Figure 7 one can see the "B" band appearing as a long wave
length tail of the "K" band of benzophenone in cyclohexane more clear­
ly than in alcohol (Figure 8) as a solvent.
In pheny-2-pyridyl ketone there is more than one effect which
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makes the pi%— transition unclear:
1) the substitution of the benzoyl group ortho to the nitrogen 
atom (see discussion in the case of pyridine-2-aldehyde).
2) the pi*«—  rijj is covered by the more intense HB" band which 
in turn is covered by the most intense "K" band. Therefore,
in the region from 300-230 mu we expect to have three transitions:
1)1 pi*—  ; 2) pi*—  pi ("B" band); 3) pi%—  pi ("K" band).
It is generally difficult to clearly Isolate the pi*^—  tran­
sition in phenylpyridylketones. However, a small indication may be 
the fact that the long wave length tail (3,100-2,900 A°) is more in­
tense in cyclohexane than in alcohol. Also the ^aax t*ie "K" 
band of phenyl-2- and 3-pyridyl ketone is blue shifted in alcohol with 
respect to that in cyclohexane \riiereas that of benzophenone is red 
shifted. Examination of Figures 7 and 8 shows that the nature of the
'ftpi n transitions of the carbonyl group is not significantly de­
pendent on the remaining structure of the molecules. The figures 
show the blurring of vibrational structure in polar solvents and the
f̂tred shift of the pi n^no transitions in phenylpyridyl ketones with 
respect to those of benzophenone. This red shift is to be expected 
since the nitrogen atom with its inductive effect (electron-withdraw-
“fting) facilitates the pi nc_0 transition.
Figures 7 and 8 show some rather interesting results.
1) The X mj)y of the "K" band of phenyl-4-pyridyl ketone is "-50 
A° to the red of the X  of the "K" band of benzophenone.
2) The weak band with \ may at 2,230 A° of phenyl-4-pyridyl ! 
ketone in Figure 7 probably corresponds to the 2,000 A0 band 
of benzophenone in the same figure.
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3) The X of the "K" band of phenyl-2-and -3-pyridyl ketonemax
is 160 A to the red of the X mav of the "K" band of ben­
zophenone In nonpolar solvent.
4) The short wave length shoulder of phenyl-2 and -3-pyridyl 
ketones extending from —  2,500-2,300 A may correspond to the
o2,000A band of benzophenone in Figure 7.
5.) In Figure 8 (in polar solvent) we can see: a) X  mflv of the
"K11 band of phenyl-4-pyridyl ketone is ~  50-60 A0 red to 
X mflv of "K" band of benzophenone, b) X max of the "K" band 
of phenyl-3-pyridyl ketone is ~  100 A0 red to that of benzo­
phenone and that of the phenyl-2-pyridyl ketone is —  125 A° 
red to that of benzophenone.
Here, we note that the "K" band of phenylpyridyl ketones is red shift­
ed in comparison with that of benzophenone, whereas that of pyridine 
aldehydes is blue shifted with respect to that of benzaldehyde. If 
we recall that the MK" band is generally due to conjugation whether 
between a nucleus (benzene or pyridine) and a double bond or another 
nucleus, the above results lead us to conclude that the degree of 
interaction between the phenyl group and a pyridine nucleus is more 
than between two phenyl groups, or we can say that the presence of the 
hetero atom caused the usual lowering of the excited state (or some­
times the raising of the ground state). In case of pyridine aldehydes 
we did not have a phenyl group to increase the conjugation with the 
pyridine group and so the predominant effect was the electron with­
drawing of the nitrogen atom and the fact that the transition cor­
responding to the "K" band in pyridine aldehydes opposes the direction 
of the dipole moment which led to a blue shift. Table III gives the
TABLE III
Absorption Frequencies and Molar Extinction Coefficients 
of Phenyl pyridyi. Re topes in:
A . Cyclohexane
Phenyl-2-pyridyl Ketone Phenyl-3-pyridyl Retone Itenyl-4-pyridyl Re tope
X a ° V cm * ipgc X a° V cm'1 logg X a° y Cm"1 log*.
3,900 25,640 1.90 3,900 25,640 1.86
3,740 26,730 2 24 3,7$0 26,660 2.26 3,450 28,980 1153,600 27,770 2.34 3,600 27,770 2.34
3,470 28,810 2.31 3,500 28,570 2.30
3,320 30,120 2.15 3,350 29,850 2 22 2,525 39,520 3.13
2,650 37,730 4.30 2,640 37,870 4.22 2,220 45,040 3.11
B. 95X Alcohol
Phenyl -2-pyridyl Ketone Phenyl -3-pyridyl Ketone Fhenyl-4>pyridyl Ketone
X A° y cii"1 log€ X  A° y cm-1 logfc X a° V cm" 1 log^
3,450 28,980 2.321 3,450 28,980 2.64 3,300 30,300 2.14
2,630 38,020 4.16 2,650 37,730 3 50 2^580 38,750 3.98
. . '' 2,*20 45,040 3 92
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absorption frequencies and the molar extinction coefficients of the 
phenylpyridyl ketones, 
b. Emission Bands;
In general aromatic carbonyl compounds under the proper conditions 
emit light quite efficiently. This emission is nearly always a phos- < 
phorescence, that is, it arises from a transition from the lowest 
triplet level to the singlet ground level. Emission from these com­
pounds in the vapor phase shows weak lines which are due to transi­
tions from excited singlet state.^ The reasons for this high pro­
bability of conversion to the triplet state have been- discussed by 
Kasha.20
In the case of aza-aromatic compounds it is even more difficult 
to get fluorescence. H-bonding increases the fluorescence of some 
aza-aromatic compounds in solution. Some sort of interaction between 
(the "n"' and the pi electrons may lead to internal quenching of fluo?-?
rescence and that is impeded by H-bonding to the "nM electrons.
21Sidman gave a more specific explanation to which the reader is 
referred.
The emission spectra of benzaldehyde and benzophenone have been 
reported by many investigators.22 However, the emission spectra of 
pyridine aldehydes and phenylpyridyl ketones have not been reported 
before. In this work attempts were made to determine 1) the effect
W. Robinson, 3_. Chem. Phys.. 22, 1384 (1954).
^M. Kasha, oj>. cit.
21 J. W. Sidman, oj>. cit.
22s. S. Mims, Ph.D. Dissertation, Louisiana State University, 1952,
p. 23.
58
of replacement of a carbon atom by a nitrogen atom; 2) the effect of 
different symmetries on emission; 3) the solvent effect on emission; 
and 4) the possible existence of double emissions from phenylpyridyl 
ketones.
The relative position of the phosphorescence of the unsubstituted
carbonyl compounds is found to parallel that of the pi n absorption
bands. That is, the emission of phenyl-2-pyridyl ketone lies at lower
energy than that from pyridine-2-aldehyde (same relation between phenyl-
3-pyridyl ketone and pyridine-3-aldehyde). (Figures 9-12). But, un- 
*like the pi —  n absorption bands for a series of substituted aromatic 
carbonyl compounds, the relative positions of which were found to be re­
lated to the inductive effect of substituent, a complicated relationship 
is found to govern the position of the emission bands. This increased 
complexity results from increased interaction between the carbonyl group 
and the phenyl group in the emitting state.
According to the Frank-Condon principle, during absorption the 
atoms of the molecule being excited do not change their positions 
appreciably because of the short time involved. Before the molecule 
emits, however, some time has passed to allow the molecule to reach 
the most stable configuration in the excited state. The effect of in­
creased interaction between the carbonyl and phenyl groups has been 
discussed by Bruck and Scheibe.^
The phosphorescence spectra of aromatic carbonyl compounds have 
a banded structure (Figures 9-12), with an interval of about 1650- 
1732 cm"'*- between the bands. This frequency agrees well with the 
carbonyl stretching frequency found for these compounds in the ground
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state. The vast similarity in band structure and position of the phos­
phorescence of different carbonyl compounds indicates that they are 
characteristic of the -C»0 group and are slightly dependent on the 
rest of the molecule.
Other characteristics distinguishing the phosphorescences of 
aromatic carbonyl compounds are the short lifetimes of the emitting 
state and the not too big slpitting between the first excited singlet 
and the lowest triplet levels. The 0-0 phosphorescence band of py­
ridine- 2-aldehyde in EPA occurs at 4100 A° (corresponding to energy ■ 
69.84 K Cal/mole) and the 0-0 absorption band (pi n) in EPA at 77°K 
is at 3200 A° (which corresponds to energy of 89.48 K Cal/mole).
Usually the lifetime of the phosphorescence of organic molecules 
is in the range, tenths of seconds to seconds, but the lifetime of 
phosphorescence of the carbonyl compounds is usually found to be sev­
eral milliseconds. The lifetime of benzaldehyde, pyridine aldehydes, 
benzophenone and phenyl pyridyl ketones was measured in this work using 
the Aminco Spectrophotometer and a photographic method to photograph 
the decaying curve from which the half life and mean life were found. 
Table IV shows these results.
The effect of replacing a carbon atom by a nitrogen atom and the 
effect of the differences in symmetry can be seen in Figures 9-12.
It can be seen that there is no significant detectable difference be­
tween the emission of pyridine-2-aldehyde and 3-aldehyde or between 
phenyl 2-, 3- and 4-pyridyl ketones in the same solvent. It can also 
be seen that the emission of pyridlnealdehydes is red shifted with 
respect to that of benzaldehyde and that of phenylpyridyl ketones is 
red shifted with respect to that of benzophenone. This observation
TABLE IV
Phosphorescence half life and mean life In milliseconds 
using EPA as a solvent:





Phenyl-2-pyridyl ketone 5.8 8.4
Phenyl-3-pyridyl ketone 5.3 7.6
Phenyl-4-pyridyl ketone 4.5 6.5
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reflects the red shift of the pi%— n absorption of O O  in the aza 
aromatic carbonyl compounds relative to that of the aromatic carbonyl 
compounds.
The effect of the change of solvent on emission can be seen in 
Figures 9-12. There is a red shift in the lower transitions of about 
50 A° in going from EPA to pH as solvents. The smallest red shift is 
found in pyridi'ne-3-aldehyde and phenyl-3-pyridyl ketone and largest 
for pyri<dine-2-aldehyde and phenyl-2-pyridyl ketone. Benzaldehyde and 
benzophenone have intermediate values. This small red shift or almost 
no shift at all in the emission spectra of most of the compounds may 
reflect an interesting point. The emission of these carbonyl com­
pounds parallels the pi**— n absorption of the C=0 group. The fact 
that not much red shift was observed as the solvent became less polar 
indicates that there is no or very weak hydrogen bonding in the ex­
cited state between the carbonyl oxygen and the solvent. Krishna 
and G o o d m a n ^  discussed the extreme weakness of the hydrogen bond in 
the excited states of azines between the nitrogen atom and the solvent.
It was thought that it might be possible to identify two emis­
sions in phenylpyridyl ketones that might be characteristic of the 
two different parts of the molecule. In other words, since the two 
benzene nuclei of benzophenone are not in the same plane and an angle 
of 30° was calculated to be between their planes, one expects the 
benzene nucleus and pyridine nucleus in the phenylpyridyl ketone not 
to be in the same plane. If Jjatywactipa were small, one might observe 
an emission characteristic of the Ph-Cs0 subsystem different from the
. ZV. G. Krishna, and L. Goodman, J. Am. Chem. Soc., 8^  2042 (1961).
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one' characteristic of Py-C*0 sabsystem, in phenylpyridyl ketone; First 
compare the emission from phenyl-3-pyridyl ketone with that from ben­
zaldehyde and pyridine-3-aldehyde. Comparison of Figures 9 and 11 or 
10 and 12 shows that phenyl-3-pyridyl ketone emits as a unit molecule, 
i.e. the whole molecule emits as one unit or one chromophore. In other 
words, the emission bands of phenyl-3-pyridyl ketones are symmetric, 
dharp and do dot have a double structure that corresponds to emissions 
from separate parts of the molecule. It can be seen also that the 
emission from phenylpyridyl ketone is highly red-shifted relative to 
the emission either from benzaldehyde or pyridinealdehyde. This shift 
parallels the shift in the pi*<— nc=0 absorption band of the ketone 
with respect to that of the aldehydes. This is not unusual since the 
benzene ring is iftuch rtiore electron releasing than the H-atom. - In other 
words, the emission of phenylypridyl ketone is an emission from the 
excited state (pi , n) of the C**0 group perturbed by the phenyl and 
the pyfidyl groups.
Another trial along this line was to look at emissions from 
mixtures of benzaldehyde and pryidinealdehyde in different proportions.
In Figure 13 are shown the emissions of mixtures of different 
proportions by volume. A mixture of 1:1 benzaldehyde and pyridine-3- 
aldehyde emits entirely like benzaldehyde. In fact, mixtures of the 
ratio 1:2 and 1:3 seem to be emitting as benzaldehyde. This may lead 
to the conclusion that benzaldehyde phosphorescence is stronger than 
pyridine aldehyde or that energy is transferred from pyridine alde­
hyde to benzaldehyde.
It can be seen that the low energy band of mixtures of benzal­
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Phosphorescence spectra of mixtures of benzaldehyde and pyridine-3-aldehyde in EPA,
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Che positions, of Che maxima of Che pure cdmpcments. In other words 
with the method used, equipment on hand and results obtained, one cannot 
say definitely that he was able to pick the double emission of a phenyl­
pyridyl ketone if.it exists.
Fluorescences from these compounds (pyridine aldehydes or phenyl­
pyridyl ketones) were not obtained either at room temperature or at 
liquid nitrogen temperature, in a hydrocarbon or polar solvents. It is 
worth remembering that a weak fluorescence from 4-phenylpyridihe was 




Phosphorescence maxima In 3-methy.ljjieptainer-.
Benzaldehyde Pyridine-2-aldehyde Pyridine-3--aldehyde
X a° V cm * X a° v cm” * X a°
4,960 20,160 5,050 19,800 5,090 19,640
4,580 21,830 4,640 21,550 4,700 21,270
4,170 23,980 4,350 22,980 4,380 22,830
3,990 25,060 4,090 24,440 4,080 24,500
BBnaophenone
Phosphorescence maxima in PH 
Ph.-2-pyrld. Ketone Ph.-3-t>yr£d. Ketone
XA° V era * Xa° - -1V cm X a° V cm"*
5,200 19,230 5,400 18,510 5,400 18,520
4,810 20.790 4,970 20,120 4,930 20,280
4,470 22,370 4,610 21,690 4,580 21*830
4,170 23,980 4,290 23,310 4,260 23,470
Ph.-4-Py rid. Ketone






BENZ IMIDAZOLE DERIVATIVES 
Section I
Benz imidazole
A, Electronic Absorption spectra of Benzimidazole
The absorption spectra of benzimidazole are shown in Figure 14. 
Three distinct bands corresponding to three different transitions are 
clear. The first is in the region of 270-290 mu, the second is in the 
region 230-270 mu and the third is in the region below 210 mu. In ad­
dition to these three distinct intense bands there is a group of weak 
bands that appears only in a fairly concentrated solution in the 
region (350-300 mu). These bands remained in the spectra of the puri­
fied compound, which fact minimizes the probability that they may be 
due to impurities (the compound was vacuum sublimed four times). 
Different explanation could be offered for these weak, long wavelength 
bands. They may be due to a weak pi n transition or to a singlet- 
triple t transition, since similar transitions have been observed for 
some N-containing heterocyclic compounds,^ or to a transition of a 
dimer, since it has been determined that benzimidazole dimerizes.
When a more sensitive slide wire was used (0-0.1, 0.1-0.2), 
the group of bands was easily observed in exactly the same position. 
The room temperature absorption of a concentrated solution of
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Figure 14 Kaveiength mu
Absorption Spectra of .‘Senzlmi<lazoLe at JLoom Temperature.
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benzimidazole In 95% ethyl alcohol and In diethylether were recorded.
No significant blue shift was observed when the solvent was changed 
from a nonpolar one to a polar one. This minimizes the probability 
that the weak transition is pi*«— n. A heavy atom external effect 
which intensifies a singlet-triplet absorption was studied. The ab­
sorption spectra of solutions of equal concentrations of benzimidazole 
in 95% alcohol and in ethyl iodide were studied. Unfortunately, ob­
servations could not be made in the spectral region where these 
weak bands are observed. The ethyl iodide (passed twice through a 
column of activated alumina) which was used as a solvent absorbed:'in 
the region of the band in question. However, from Figure 16, it 
appears that there is an indication of a mirror image relation between 
the weak absorption bands and the phosphorescence bands, but it is hard 
to conclude definitely that the weak absorption bands are singlet- 
triplet absorption. So either it is a dimer absorption or a singlet- 
triplet one.
A quick look at Figure 14 shows that there is no significant 
shift in band maxima on going from a polar (alcohol) to a nonpolar 
(cyclohexane) solvent. This indicates that there is no distinct 
pi n transition and that it is embedded in the strong pi pi 
transition. The compound is completely soluble in alcohol but is 
very slightly soluble in hydrocarbon solvents. Its absorption spec­
trum in alcohol is much more intense and the band 285-260 mu 
shows very fine structure while the band 260-230 mu shows .little 
structure. The band at about 205 is very intense and very sharp. Oh 
adding concentrated hydrochloric acid to an alcoholic solution of ben­
zimidazole the absorption spectrum is blue shifted by about 50 A°.
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The spectrum is also more discrete in the region of 250 mu. In hydro­
chloric acid solution the absorbing species will be of the form
The positive charge on the nitrogen atom opposes the electronegative 
character of nitrogen and this causes the general blue shift. Other 
resonance structures of the above cation will put a positive charge 
on one of the carbon atoms and this also can help account for the blue
It may be worthwhile at this point to pause and look carefully 
at the benzimidazole absorption spectrum. Which is more pronounced, 
the naphthalenoid or the benzenoid character of benzimidazole? In 
other words, could we consider the benzimidazole absorption spectrum 
related to naphthalene since it has the same number of pi electrons 
as naphthalene, or related to a substituted benzene spectrum. Figures 
14B and 14C show the absorption spectrum of benzene (in cyclohexane), 
naphthalene (in 95% ethanol), and benzimidazole (in cyclohexane).
With respect to the positions of absorption band maxima, benzimidazole 
falls between benzene and naphthalene. This is to be expected, since 
in naphthalene the conjugated system is more pronounced than in ben­
zimidazole. However, Figure 14C shows the benzimidazole has some 
pronounced benzenoid character. The fine structure and the splitting 
between the vibronic levels of the first band supports the above argu­
ment. This again can be explained by the fact that conjugation be­
tween the benzene and heterocyclic nuclei in benzimidazole is less 
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Figure 14C. Absorption spectrum of benzimidazole.
75
benzimidazole band (265-290 mu) corresponds to the naphthalene one at 
312 mu ( L̂j. ^A), the band at 240-260 mu corresponds to the naphthalene 
band at 286 mu (*La<— *A) and the band around 205 corresponds to the 
naphthalene band at 221 *A). The number of the pi electrons
(not the pi orbitals. 9 in benzimidazole and 10 in naphthalene) in ben­
zimidazole is considered to be equal to their number in naphthalene.
So, the transition in benzimidazole are not expected to be much dif­
ferent from those in naphthalene. However, the replacement of a 
benzene nucleus by an imidazole nucleus in benzimidazole will have 
some effects. It will affect the resonance as well as the delocal­
ization energy. This is why there is a difference between naphthalene 
and benzimidazole which we can observe experimentally.
Leandri et. al.^6 have shown that the naphthalenoid character 
of benzimidazole is not pronounced; this is shown by the orientation 
of the direction of electrophilic substitution predominantly in 5 
(or 6) position and not in 4 (or 7) position.
Leandri et. al. have used the localized chromophore method and 
assigned the different bands of the benzimidazole absorption to specific 
localized chromophores in the molecule. However, since all the ob­
served transitions are pi**— pi and the pi electrons are not localized 
then it is not fairly correct to assign a specific transition to a 
localized chromophore.. All the transitions will probably be charac­
teristic of the whole molecule as one chromophore. This is especially 
true If the two condensed rings mutually interact to a great extent.
The absorption at 77°K (liquid nitrogen) shows a little blue shift,
26G. Leandri, A. Mangini, P. Montanari, and R. Passerini. Gazzetta 
Chimica Italiana, 85, 769 (1955).
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more intense bands (concentration effect) and more vibrational struc­
ture (Figure 14D). The fine structure of all the bands is highly 
resolved at 77°K. On irradiation by ultraviolet light at 77°K the 
clear glass in (EPA) changes to a pale yellow one, and some weak bands 
are observed in the visible region (Figure 14D). In the ultraviolet 
region no significant changes occur. The benzimidazole ring is very 
stable so it is not expected to be decomposed by radiation. An oxide 
or peroxide may have been formed which caused the change in the visible 
region of the spectrum. Table VI gives the absorption frequencies for
j
benzimidazole in 95% ethanol solution, log and the absorption fre­
quencies in alcohol plus concentration hydrochloric acid.
B. Emission spectra of benzimidazole
1. Fluorescence spectra
The fluorescence spectrum of benzimidazole and the absorption 
spectrum are shown in Figure 15. The fluorescence was obtained by 
exciting with 270 mu light at room temperature and at 77°K. The ones 
at room temperature are from alcoholic solution, while those at 77°K 
are from EPA solution. The mirror image relation between the absorption 
and fluorescence spectra is quite clear. The longest wavelength ab­
sorption maximum and the shortest wavelength fluorescence maximum 
nearly coincide. Self absorption causes the shortest wavelength 
fluorescence band to have a small intensity, at 77°K a slight blue 
shift is obvious, and the vibrational structure is clearer. The vib­
rational splitting of the first absorption band and the fluorescence 
band are in good agreement. If this fluorescence is compared with 
the benzene fluorescence, quite a similarity between the two is found. 
The benzene fluorescence has more pronounced vibrational structure 
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Figure 15. Absorption and Fluorescence Spectra of Benzimidazole.
80
fluorescence runs from 270-310 mu, while that of benzimidazole runs 
from 280-320 mu. The splitting between the vibrational structures in 
the fluorescence of the two compounds has a fair similarity. These 
give a further indication that the benzenoid character of benzimidazole 
is fairly pronounced.
It is unusual to be able to observe a fluorescence correspond­
ing to the second transition since usually energy is lost by a radia- 
tionless decay from such a high excited state. Howiever, with fluores­
cence polarization it was possible for Schutt and Zimmerman2^ to 
differentiate between short wavelength structured fluorescence and 
long wavelength unstructured fluorescence in benzimidaeolb perchlorate. 
The first two excited states were found to be perpendicularly polar­
ized and the two fluorescences were found to be so too. They assumed
that the o-o transitions of and L̂. are close and fluorescence ofa b
both bands is possible. The main part of fluorescence is emitted 
from narrow band. However, one expects the emission from the H. 
state to be at the short wavelength side of the emission from the 
in reverse to what they assigned.
The room temperature total emission and absorption of an al­
coholic solution of benzimidazole at different concentrations 
(10-2-10-6M) were studied. The fluorescence increased with concen­
tration to a certain concentration and then the usual quenching was 
observed at higher concentration. The relative intensities of the 
absorption bands remained the same in the above range of concentra­
tion. This shows that no absorption or emission due to a dimer or
27H. U. Schutt and H. Zimmermann, jO£. cit.
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an excimer is observed in this range of concentration. Table VII shows 
the fluorescence frequencies of benzimidazole in EPA at 77°K.
2. Phosphorescence
Phosphorescence spectra of benzimidazole are shown in Figure 16. 
There is no significant difference or shift between phosphorescences in 
polar (EPA) or nonpolar (3-methylpentane) solvents although the compound 
is sparingly soluble in hydrocarbons. It is clear that there is fine 
structure in the shorter wavelength part of the spectrum. The long 
wavelength region is less structured, which is not unusual; but there 
is some indication of a structureless tail in that region.
The phosphorescences obtained by meats of the phosphorescope 
with excitation by the full AHg radiation and those obtained in total 
emission (exciting at 270 mu where the maximum of the first absorp­
tion band exists) when no phosphoroscope was used are identical with 
respect to positions of the band maxima. However, the total emis­
sion experiment shows that benzimidazole fluoresces much more intense­
ly than it phosphoresces. The phosphorescence of the compound has a 
fairly long half life which means that the triplet excited state of 
the compound is fairly stable.
Figure 16 shows also the phosphorescence in EFA after the 
rigid glass at 77°K was irradiated for one hour at 77°K by the full 
intensity of the AHg lamp. It is'clear that much of the structure 
was lost and that there is a shift in the position of the maxima 
after irradiation. This indicates that the original phosphorescence 
(before irradiation) is due to the original compound and not due to 
a photochemical product that may be produced during the determination 
of the phosphorescence. There is also evidence that the long wavelength
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TABLE VII
Fluorescence Frequencies of Benzimidazole 
in EPA at 77°lT:




Phosphorescence Frequencies of Benzimidazole 
in EPA:
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Figure 16. Phosphorescence and absorption spectra of benzimidazole. 00to
84
tail may be the emission of a photochemical product. Table Vll shows 





The absorption spectra of 2-phenylbenzimidazole are shown in 
Figure 17. Three distinct regions of absorption are observed. A short 
wavelength region (below 210 mu), another band in the region 240-260 
mu and a third, main, unsymmetric band in the region of 300 mu. It 
appears that the unsymmetrlc band in the region of 300 mu seems to have 
more structure in a hydrocarbon solvent than in a polar solvent. This 
may indicate that a weak pi*-*- n transition is overlapped by a strong 
pi**- pi one. However, at 77°K in a polar solvent, this band has a 
clear and distinct structure. The spectra of all of the 2-aryl de­
rivatives of benzoxazole and benzothiazole, like the 2-aryl benzimi- 
diazole, have been found to possess this strong broad band near 300 
mu.^® It is believed that the broad, unsymmetric band contains two 
transitions. The main strong band around 300 mu corresponds to the 
first transition in the benzimidazole nucleus ( if Platt's.nota­
tion is applicable) which is perturbed by the phenyl group and a weak 
transition extending from 260-285 mu that corresponds to the second 
transition in benzimidazole (to the ^L^) and might include a transi­
tion analogous to that to the state of the benzene nucleus. In 
other words, the first transition in 2-phenylbenzimidazole is.strong 
and overlaps the second transition. The loss of the structure of the 
first band in 2-phenylbenzimidazole is caused by the interaction
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Figure 17. Absorption spectra of 2>phenylbenzimidazole.
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between the phenyl and benzimidazole nuclei. There are no or little 
stereoelectronic restrictions on conjugation between the phenyl group 
and the hetero ring and the interference of the hydrogen atom of >NH 
and of the phenyl group is of no importance. This can also be seen 
from the fact that the absorption spectrum of the whole molecule is 
not much like that of one of its subsystems.
The band around 240-250 mu corresponds to a transition to the
•t'LB|) state of the system if Platt's notation is applicable. There is 
at least another transition around 200 mu which could very well be the 
transition characteristic of the benzimidazole subsystem, or it 
may be the ^Ba of the whole molecule. Leandri et. al.^ have used 
the localized chromophore method and assigned the different absorption 
bands to specific localized chromophores in 2-phenylbenzimidazole.
They assign the broad unsymmetric band around 300 mu to be mainly due 
to the benzylideneimine chromophore and the shoulders around 280 mu 
to be characteristic of the first transition of the benzochromophore 
of the benzimidazole ring. They assigned the band 240-255 mu to the 
amidinico system -N=C-NH.
There is a weak absorption shoulder in the region of 380 mu 
which appears only in concentrated solution in alcohol. This can very 
well be due to a dimer formation. When a rigid glass of 2-phenyl- 
benzimidazole is irradiated at 77°K by the full intensity of the AH6 
lamp, the colorless clear glass changed to pale yellow and two new 
bands appear at —  2,775 A0 and at x—* 2,650 A0. Similar bands have
^ G . Leandri, et. al., j3>£. clt., p. 825.
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been reported by L. H. W i l l i a m s o n ^ ®  on irradiating compounds that 
have a phenyl group as a substituent and by Gibson et. al.31 on irradi 
ating benzene. Gibson attributed these bands to hexatriene which was 
obtained as a fission product.
The absorption spectrum of the cation (2-phenylbenzimidazole 
hydrochloride) is also shown in Figure 17. This was obtained from 
an alcoholic solution to which concentrated hydrochloric acid was 
added. It can be seen that there is no significant shift in the posi­
tion of bands and a significant intensification of the band in the 
240-250 mu region. These can be easily understood when we see that 
the cation will look like:
The H+ which was added to the lone nitrogen will have but a small
»
effect on band positions but will facilitate the formation of a reson­
ance structure as shown above to which the intensification of the 
240-250 mu band may be attributed. The spectrum of the hydrochloride 
shows also-that the shoulder around 225 mu has probably been blue 
shifted. This may show that there was a charge transfer band in that 
region in 2-phenylbenzimidazole.
Let us pause for a moment and compare the absorption spectra 
of 2-phenylnaphthalene and 2-phenylbenzimidazole. Figure 18 shows 
the absorption spectrum of 2-phenylnaphthalene.32 As the conjugation
30L. H. Williamson, Personal communication.
^G. E. Gibson, N. Blake, and M. J. Kalm, Chem. Phvs. 21, 1000
(1953).
32j. L. Harris, o£. cit., p. 38.
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in 2-phenylnaphthalenq is greater than that in 2-phenylbenzimidazole, 
the spectrum of 2=phenylnaphthalene is red shifted with respect to chat 
of 2-phenylbenzimidazole. The 2-phenylnaphthalene has four regions of 
absorption: a set of three bands around 3,500 A° which have been at­
tributed to the absorption of the molecule as a unit, a broad band 
centered around 2,860 A° which is resolved at liquid nitrogen tem­
perature and is equivalent to that to the state in naphthalenefl
and might include a transition equivalent to that to the sta,te of 
benzene, two other transitions: at 2,470 A° and at 2,130 A°. The 
above band assignment for the different transitions in 2-phenylnaphth­
alene was confirmed by the solvent study done by Harris. One can see 
that there is a similarity between the spectra of a 2-phenylnaphtha- 
lene and 2-phenylbenzimidazole. The latter has a long wave length 
weak absorption which appears in concentrated solution, a band around 
300 mu which also include two transitions, a band at 240-250 mu, and 
at least another one around 210 mu.
Table VIII gives the absorption frequencies, log£ for 2- 
phenylbenzimidazole in 95% alcohol at room temperature and the absorp­
tion frequencies at 77 K°in EPA before and after irradiation.
The effect of arylation of benzimidazole is a usual red shift 
and a characteristic, broad unsymmetric band in the region of 300 mu 
which clearly appears to consist of two transitions. The difference 
between the spectrum of the composite system 2-phenylbenzimidazole 
and the isolated subsystems is attributed to their mutual interaction 
in the composite system.
Emission Spectra of 2-Phenylbenzimidazole
Figure 19 shows that the total emission of 2-phenylbenzimidazole
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TABLE VIII
Absorption Frequencies of 2-Phenyl bfen.aimida£ole 
At room temperature in 95% alcohol:
X a° V cm“^ log € max
a. 3,150 37,740 4.28
3,025 33,000 4.50
2,950 33,890 4.45
b. 2,475 40,320 4.10
2,400 41,660 4.23
c . 220 45,450 4.38
2,025 49,260 -
At 77°K in EPA:
Before•irradiation After Irradiation
*A° V cm ̂ *A° V -m’ 1
3,210 31,150 3,220 31,050
3,120 32,050 3,120 32,050
3,058 32,670 3,070 32,570
2,975 33,550 2,990 33,440
2,925 34,120 2,925 34,120
2,850 35,080 2,780 35,970
2,660 37,590
2,490 40,160 2,550 39,210
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Figure 19,. Total emission spectrum .of , 2 phenylbenzimidazole .
at 77°K In EPA. This was obtained by exciting with xenon radiation 
monochromatized at 3,025 A° by means of a Perkin Elmer Model 12 Mono- 
chromator and by using the Cary Model 14 as a detector to scan the 
emissions. It is clear that phosphorescence as well as fluorescence 
was obtained. This fugure serves to show that the relative intensity 
of fluorescence is much higher than that of the phosphorescence. In 
fact, a smaller slit by a factor of 6 was used to get the fluorescence. 
This is a further indication that the lowest excited state is due to 
a pi pi transition and hot an pi n transition, since the current* 
ly held opinion is that molecules with lowest excited singlet (pi , n) 
type are usually able to emit phosphorescence only (after triplet 
formation), while many aromatic molecules with a lowest (pi , pi)
singlet are fluorescent,^
a. Fluorescence Spectra
Fluorescence spectra of 2-phenylbenzimidazole are shown in Figure 
20 together with the absorption spectrum at 77°K in EPA. The 77°K 
fluorescence in EPA and the room temperature one in 3-MP were obtained 
by exciting at 3,025 A0 with the monochromatized radiation from a 
xenon arc. The room temperature fluorescence in isopropyl alcohol 
and in isopropyl alcohol plus concentrated hydrochloric acid were 
obtained by exciting with 3,025 A° from a xenon-raercury arc. It can 
be seen that at 77°K the spectrum has sharper vibrational structure 
and is very little blue shifted with respect to the one at room tem­
perature. There is also a little blue shift in band maximum in a 
f '*
hydrocarbon solvent (3-methylpentane) with respect to a polar solvent
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Figure 20. Fluorescence and absorption spectra of 2 phenylbenzimidazole.
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(isopropyl-alcohol) which indicates that the fluorescence is a pi «—  pi 
emission and not a pi n emission.
It can be seen that there is an extensive mirror image rela­
tionship between the absorption band ( ^  300 mu) and the fluorescence 
band ( ~ 350 mu). As the absorption band is broad and unsymmetric, 
it may involve two transitions. It can be seen that the fluorescence 
band is also broad and unsymmetric and also may involve two transi­
tions.
If one examines the fluorescence spectra carefully he can see 
that in all solvents at room temperature and at 77°K there is a shoulder 
in the region around 400 mu. It may be an indication of an emission 
transition. It is known that the phenyl group can rotate around the 
single bond attaching it to the benzimidazole ring. During its rota­
tion there will be a state in which the phenyl group will be in the 
same plane as that of the benzimidazole ring and the molecule will be 
coplaner. At that time the extent of interaction between the phenyl 
group and the benzimidazole ring will be the greatest and one may be 
able to observe an absorption characteristic of the whole molecule 
and an emission characteristic of the whole molecule also. At high 
concentration in alcohol an absorption shoulder around 380 mu was ob­
served (Figure 17) and was interpreted to be a dimer absorption.
However, there is a probability that that shoulder is due to the ab­
sorption of the whole coplanar molecule as one chromophore. If this 
is the case, the shoulder around 400 mu in Figure 20 could be an 
emission for the whole molecule as one chromophore. With the results 
at hand there is no conclusive evidence that the shoulder around 280 
mu in Figure 17 and around 400 mu in Figure 20 is characteristic of
the coplanar molecule as a unit. Polarization work might aid the as­
signments. Figure 20 also showB the fluorescence of the cation of 
2-phenylbenzlmidazole. It was obtained by exciting an alcoholic solu­
tion to which concentrated hydrochloric acid was added. There is a 
considerable loss of structure and a considerable red shift. This is
t
not unusual since Borresen^ has Also observed that the fluorescence 
toaximum of benzimidazole is shifted from 290 to 360' mu when a net 
positive change is acquired. He found that that was merely a pH effect 
and was not due to any collisional mechanizm. Table IX gives the fluor­
escence maxima of 2-phenylbenzimldazole.
The room temperature total emission of 2-phenylbenzimidazole 
in isopropyl alcohol excited by xenon-mercury radiation at 3,025 A° 
was obtained at concentrations from 10~^M to 10~^M. No increase in the 
intensity of the long wave length ('-'400 mu) shoulder was detected.
In fact, even at 10~^M a discrete, structural fluorescence, the inten­
sity and discrete structure of which increased at 10'^M, was observed.
At 10~^M concentration quenching began and the intensity decreased. At 
10~^M the quenching was high and all the structure was lost. This 
indicates that the fluorescence is not due to an exclmer emission. 
Phosphorescence Emission of 2-Phenylbenzimidazole
Table IX shows the phosphorescence frequencies of 2-phenylben­
zimidazole. Figure 21 shows these spectra. It can be seen that there 
is a long wavelength ( —  550 A°) shoulder in addition to three other 
distinct bands in the region 510 mu to 440 mu. The band at 5,050 A° 
is broader and weaker than .the other two. In a polar solvent (EPA)
i J
•^Hans CHR. Borresen, Acta. Chem.. Scand. , 17,,921-9 (1963). .
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TABLE IX
Fluorescence Frequencies of 2-Phenyl be n zimidazole
a. In EPA, at 77°K :
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Figure 71. Fhosphorescencespectra of 2-phenylbenzimidazole. •̂1
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the band maxima blue shift about 50 A°.
When the slit width is increased, the phosphorescence (i.e. 
using a rotating disk Becquerel phosphoroscope) shows an indication 
of band structure at 340 mu and 360 mu. These bands are at the 
same positions as the fluorescence bands that are obtained without 
using the phosphoroscope. This indicates that either the fluores­
cence has a long enough lif e time to be observed through the phos­
phoroscope or one gets a delayed fluorescence from triplet triplet 
annihilation. Generally the benzimidazoles have a long lived emission 
whether fluorescenee or phosphorescence.
The phosphorescence of 2-phenylbenzimidazole is significantly 
red shifted with respect to that of benzimidazole. However, they have 
essentially the same structure; but the benzimidazole bands are 
sharper. In other words we did not get new bands due to arylation.
This may indicate that the degree of Interaction between the two sub­
systems is not very great in the triplet state.
To see the effect of irradiation *on the phosphorescence, a 
polar rigid glass of the compound in EPA was Irradiated at 77°K for 
one hour by full AHg lamp. The sample was then brought to room tempera­
ture (glass melted), then frozen again by liquid nitrogen and its 
phosphorescence was determined. Figure 21 shows a null effect of 
irradiation on phosphorescence. It can be concluded that the effect 





A. Absorption Spectra __
The absorption spectrum of 2-(o-hydroxyphenyl)benzimidazole at 
room temperature is shown in Figure 22. In contrast' to 2-phenylbenzi­
midazole the broad unsymmetric band in the region of 300 mu has. split 
into two distinct groups of bands. There is a transition (around 320 
mu) with two vibrational bands and a shoulder, and there is a tran* 
si.tion (around 280 mu) which has four distinct vibrational bands.. This 
split of the broad band can be attributed to the fact that in a com­
pound such -as this
there is an intramolecular hydrogen bond which will cause the aza 
nitrogen atom to acquire a partial positive charge. This will weaken 
the benzylideneimine conjugation :(Ph-ON-) and this permits the transi­
tion to the state of the benzimidazole part to appear separately, 
probably with a superimposed first absorption (to the state) of the 
phenyl ring chromophore. The band corresponding to a transition to 
the state appears around 240 mu and to *Ba around 210 mu. The 
previous notations of state were used because it was assumed that tran­
sitions similar to these in other molecules might be still described 
by Platt's notation as it is applied to other molecules. In other 
words, the effect of intramolecular H-bond was to-separate the ab­
sorption bands corresponding to transitions to the ^Lb around 30 mu 
and *La around 300 mu clearly. In comparing the absorption spectrum 
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Figure 22. Absorption spectra of 2-(o-hydroxyphenyl)benzimidazole at room temperature, oo
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2-phenylnaphthalene one has to consider the perturbation effect of the 
-OH and the intramolecular H-bond. These two effects explain the red 
shift of the bands of 2-(o-hydroxyphenyl)benzimidazole when they are 
compared with the corresponding bands in 2-methyl-2-phenylnaphthalene."^
In addition to these absorption bands there is a long wavelength 
shoulder around 400 mu which appears only when either a concentrated 
solution in alcohol or a long light path (5 cc) through a solution in 
a hydrocarbon is used. This shoulder cannot be due to a dimer be­
cause the compound does not dimerize because of the intramolecular 
hydrogen bonding. It is interpreted to be characteristic of the whole 
molecule as one unit. Figure 22 shows generally that almost all the 
bands are slightly blue shifted (about 50 A°) in alcohol with respect 
to a hydrocarbon solvent. This is merely a solvent effect. The 
vibrational structures of the *-L state are slightly more pronounced 
in hydrocarbon solution than in alcoholic solution whereas those of 
the are more pronounced in alcohol than in hydrocarbon solution.
No isolated band corresponding to the pi <<— n^ transition was observed.
The absorption spectrum of the hydrochloride (Figure 22) is 
red shifted by about 100 A°. Protonation on the aza nitrogen is in­
dicated. The spectrum shifts appreciably on protonatibn; if protona­
tion was on the >NH nitrogen the spectrum would be expected not just 
to shift significantly but to change character. The lone pair of 
electrons on the >NH nitrogen is a part of the aromatic character 
of the ring, i.e. is a part of the 4n+2 electrons of the benzimida­
zole ring and so it is highly delocalized; if it is tied by
^J. L. Harris, oj>. cit., p. 57.
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protonation, the aromaticityof the ring will be destroyed. 'This Is why 
protonation is easier and predominant on the aza nitrogen.
Formation of the cation will break the intramolecular hydrogen 
bond and the phenyl substltutent can rotate and be out of plane. This 
will intensify the transition corresponding to the state and 
state. Intensification of the state was also observed and dis­
cussed in case of 2-phenylbenzimldazole hydrochloride. The hydro­
chloride of 2-(o-hydroxyphenyl)benzimldazole was obtained by dissolving 
the compounds in isopropyl alcohol and concentrated hydrochloric acid 
of about 1:1 ratio.
In basic medium one can have two species depending on whether 
the compound will act as a mono or dibasic acid. The phenolic group 
is much more acidic than the group so mainly
should exist.
This molecule has many resonance forms, and this might account for the 
big red shift ( —  350 & ) that'is observed for the low energy transi­
tion. The above anion was obtained by adding a clean piece of sodium 
metal to a solution in isopropyl alcohol. The isopropoxy anion is a 
strong base so it may have also abstracted the proton from the >NH.
In that case the doubly: negative anion would' exist, arid it would have 
many more resonance: structures which, could.also account for. the big 
red shift. In aqueous sodium hydroxide' solution .the. .red shift of the 
f irst band (̂ L̂ ): was. not as: great as. the one obtained by adding sodium 
metal to the alcoholic solution.
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In 2-(o-hydroxyphenyl)benzimidazole there Is a lone pair of 
electrons on the aza nitrogen atom, so it is expected to have an 
pi n transition. Figure 22 indicates that there is no isolated 
band corresponding to this transition; the band is probably submerged 
by the strong pi pi one. This was also the case in benzimidazole 
and 2-phenylbenzimidazole.
Figure 23 shows the 77°K absorption of 2-(o-hydroxyphenyl)ben- 
zimidazole in 3-methylpentane and in EPA. It shows also the effect 
on the absorption spectrum of irradiation at 77 K°by the full intensi­
ty of AHg lamp. There is a slight red shift of the bands at low 
temperature. The vibrational structure of almost all the bands is 
discrete and clear at low temperature. On irradiation the intensity 
of the band increases. This could be Interpreted to be due to 
the breaking of H-bonding (probably to a pnoton transfer from the 
phenolic-OH to the aza nitrogen) on Irradiation. A similar effect was 
noticed when one added an acid or a base which essentially removes 
the H-bonding by one means or another.
Table X gives the absorption frequencies of 2-(o-hydroxyphenyl)- 
benzimidazole in different media.
b. Emission Spectra of 2-(o-hydroxyphenyl)benzimidazole
1. Fluorescence Spectra
The total emission spectra are: shown in'Figure 24. At 77°K with the 
total emission arrangement one expects to get fluorescence and phos­
phorescence. At room temperature one expects to get only fluorescence 
assuming that the triplet-singlet emission has a low quantum yield at 
room temperature. With this in mind and with Figure 24 at hand one - 
can see at once two fluorescences with different relative intensities
»
\
250450 400 350 300
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Figure 23. Absorption spectra-of'(p-ftydroxyphenyI)benzimidazole at 77PK
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TABLE X
.Absorption Freguenciea of 2- (o-hydroxy pftenyDbenzlmidazole 
at Room Temperature:
In 95% Alcohol In CyclohfiKgne
A a° -1V cm log£ *A° y cm”*'
a . 3,280 30,480 3.76 3,350 29,850
3,150 31,740 3-80 3.205 31,150
3,050 32,780 3.62 3,075 32,460
b. 2,910 34,360 3,64 2,950 33,890
2,850 35,080 3.55 2,860 34,960
2,740 36,490 3.45 2,725 36,630
3,600 38,460 3,28 2,625 38,020
c . 2,475 40,320 3.39 2,475 40,320
2,400 41,660 3.58 2,400 41,660
2,340 42,730 3,58 23*4000 42,730
d. 2,100 4.12 2*1300 46,940
In Isoprop. Ale. + HDL 
(Cation)
In Isoprop. Ale. + Na* 
_________(Anion) v
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Figure 24. Total emission and absorption spectra of 2-(o-hydroxyphenyl)ben2 imidazole. 106
107
which depend highly on the solvent used.
The short wavelength fluorescence corresponds to the usually 
observed fluorescence of any compound in as much as the mirror image 
relation to the first absorption band is concerned. The 0-0 band of 
this short wavelength fluorescence may be the weak band around 3,350 
A°, the weakness of which may be due to reabsorption by the first part 
of the absorption band. However, if this is so we would have more 
vibrational structures in the fluorescence band than in the absorption 
band so we tend to say that the fluorescence band around 350 mu cor­
responds to the absorption band around 330 mu. Another alternative 
is that the 3,350 A° band is considered the fluorescence from the
state by analogy to benzimidazole perchlorate if the and *La 
state are not widely separated. At 77°K the vibrational structures 
of the fluorescence are more pronounced and there is also a little 
red shift at low temperature. It is very difficult to record an in­
tense and pronounced short wavelength fluorescence at 77°K in 3-methyl- 
pentane; this could be attributed to the lack of solubility. The 
compound is not very soluble in hydrocarbon solvent. Much more will 
be said about that in the following paragraphs.
Figure 25 shows the total emission and the absorption of the 
solid at room temperature and at 77°K. It Is clear that all the 
vibrational structures of the absorption bands are lost but the 
interesting point is that the absorption starts from a longer wave­
length than in solution. Another interesting point is that at room 
temperature or at 77°K the short wavelength fluorescence was observed 
only as a weak shoulder.
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Figure 25. Absorption and total emission of a crystal of 2-(o-hydroxyphenyl)benzimidazole.
should be very careful and try to investigate fully the nature of both 
of them and to show whether they are real or result from some trivial 
mechanism. By trivial mechanism it is meant that one of the fluores­
cences is an emission from an impurity or a photochemical product. To 
minimize the possibility that one of the fluorescences is an impurity 
emission the various means of purification stated under the experi­
mental part were tried. After all the different means of purification 
were tried the long wavelength emission was still obtained. However, 
it is known that absolute purity is very hard to obtain but it will
be seen later how it was determined that an impurity emission is not
likely.
When a concentrated solution of the purified compound in alco­
hol is put against a black background a weak blue emission can be seen 
immediately. This minimizes the possibility that the long wavelength 
emission (in the blue region) is due to a photochemical product.
Since the long wavelength emission seems to be real it was 
necessary to invetigate whether or not it is an excimer emission. 
Excimer emission is mainly characterized by:
a. An increase of intensity with increase of concentration up
to that perhaps of the pure liquid.
b. A diffusion controlled process which requires that its 
intensity be inversely proportional to the solvent viscosity 
consequently in a rigid glass at 77°K it does not occur or 
is not likely to occur.
With these considerations in mind Figure 26 shows the room temperature 
total emission of an alcoholic solution in the concentration range 
10“^-10“ M̂. At all concentrations in the above range the long wave­
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Figure 26. Total emission of different concentrations of 2-(o-hydroxyphenyl)benzimidazole in 
isopropyl alcohol at room temperature.
m
long wavelength emission. As we increase the concentration up to 10" 
both emissions increase in intensity. At 10*^ we start getting con­
centration quenching of both emissions which is more pronounced at 
10_3M.
It has :been found thatpyren* energy levels favors to a very great 
extent excimer formation, and in spite of that pyrene has almost no 
excimer emission at concentration of 10"^ molar and it shows no con­
centration quenching up to 10"^ M .^ Furthermore at 77°K from Figure 
24 it seems that we still have this long wavelength fluorescence over­
lapping the usual phosphorescences. From these three observations (ap­
pearance at —  10"‘̂M, quenching at 10~Si and existence at 77°K tempera­
ture) it seems that the long wavelength emission is not an excimer 
emission.
Figure 27 shows the selective excitation spectra of 2-(o-hy4:.- 
droxyphenyl)benzimidazole in EPA at 77°K. It is interesting to note 
that the long wavelength emission disappears when excitation was at 
3^0 mu but it appears with excitation at the other wavelengths. How­
ever, this can be explained by the fact that the extinction coeffic­
ient of the absorption shoulder around 370 mu is too low. The 
relative intensities of both the emissions vary on varying the excit­
ing light wavelength which proves that the two emissions are not from 
the same transition. It is interesting also to notice that the 
intensity of the fluorescence band 3,350 A° varies on exciting at 
different wavelengths and almost disappears on exciting at 2,850 A° 
and lower. All these excitation spectra (except the one excited at
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Figure 27. Selective.excitation of the total emission of 2-(o-hydroxyphenyl)benzimidazole in 
EPA at 77°K 112
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370 mu) and most of the other total emission spectra were run using a 
Xenon-Mercury arc and repeated using a Xenon arc to make sure that none 
of the bands is a mercury line.
Since it was concluded that the long wavelength emission is not 
likely to be an excimer emission, let us devote some time and effort to 
investigate its nature.
Let us have a careful 
look at the structure 
of the compound.
The presence of intramolecular H-bonding has been proved by molecular 
weight determination which avowed no association up to a concentration 
where the solute separates from the solvent. It has also been proved 
by infrared studies on the -OH stretching vibrations. Forster et. al. 
have found that naphthols and similarly phenols are more acidic in the 
excited state than in the ground state. Mataga et. al.^7 have found 
N-heterocycles are more basic in the excited state than in the ground 
state. These observations indicate that in our compound we have a 
much stronger intramolecular H-bondlng in the excited state than in 
the ground state. This leads one to interpret the long wavelength 
emission to be characteristic of the intramolecularly H-bonded mole­
cule all as one unit (one chromophore) and the short wavelength emis­
sion to be due to the benzimidazole part perturbed by the phenolic 
group, since it shows the same general features of benzimidazole emis­
sion. In our compound the strength of Intramolecular H-bonding can be 
varied to a high extent. In a crystal where there is no competition
■^Mataga at. al., Bull. Chem. Soc. Japan. 29. 115, 373 (1958).
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between intramolecular and intermolecular H-bonding between the solute 
and the solvent, it is expected to be the strongest. In a hydrocarbon 
solvent it is expected to be stronger than in an alcoholic solvent.
In alcohol we still have some intramolecular H-bonding because phenols 
are more acidic than alcohol (almost neutral) and one obtains a six 
membered ring which is highly stable, but we may also have some inter- 
molecular H-bonding between alcohol and the solute.
If one observes Figure 24 again he finds that the intensity of 
the long wavelength fluorescence parallels the strength of intramole­
cular H-bonding. In a crystal the long wavelength fluorescence Is 
highly intense and in effect the short wavelength fluorescence was only 
detected as a weak shoulder at room temperature or at 77°K. In hy­
drocarbon the long wavelength fluorescence is also intense, but we 
can detect the short wavelength one. In alcoholic solvent, we still 
have the long wavelength emission (not as intense as in hydrocarbon) 
but the short wavelength fluorescence is much stronger than in hydro­
carbon. The intensity of the fluorescence of N-hetierocyclic molecule 
usually increases in alcohol, but here there is also the effect of the 
intramolcular H-bonding.
One may think that since the long wavelength fluorescence in­
tensity increased in the crystal (Figure 25), it may be due to the in­
creased concentration of an Impurity but if this interpretation was 
correct one would not expect to get concentration quenching of the long
wavelength fluorescence at a concentration of 10“ (Figure 26). It is 
more reasonable that the increase of the intensity of a crystal fluores­
cence is due to an increase in the strength of the intramolecular H-bond.
It may be argued that there should be an absorption band cor­
responding to the long wavelength emission. One must remember that
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that the intensity of this emission is directly proportional to the 
strength of the intramolecular H-bonding which is much stronger in the 
excited state. The absorption of a crystal is structureless, and in 
fact it starts around 430 mu. In solution one can have a strong intra­
molecular H-bonding in a hydrocarbon solvent, but unfortunately 
2-(o-hydroxypheny.l)benzimidazole is not very soluble in a hydrocarbon. 
However, using a 5 cc light path one was able to observe a long wave­
length absorption shoulder.
If the intramolecular H-bonding is vital for observing the long 
wavelength fluorescence, then one should not observe that fluores­
cence if he removes the intramolecular H-bonding. Figure 28 shows 
the room temperature as well as the 77°K total emission of the cation:
It is surprising and interesting to see that only one fluorescence is 
observed at room temperature or a 77°K for any of the above cation or
first absorption band of the cation or anion is very clear. Is this 
one fluorescence the long wavelength one of the neutral compound that 
is blue shifted or is it the short wavelength one that is red shifted? 
There is more than one bit of evidence that it is the short wavelength 
fluorescence of the neutral compound and is red shifted in case of the 
cation or anion. The first absorption band of the cation and of the
and of the anion
or
maybe
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Figure 28. Absorption and total emission spectra of the sodium salt and the hydrochloride of
2-(o-hydroxyphenyl) benzimidazole.
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anion is red shifted compared to that of the neutral compound. The 
room temperature fluorescence of benzimidazole was reported to be red 
shifted from 290 mu to 360 mu on going from pH 7-8 to pH 2-4 and this 
shift was found to be merely due to pH change.^® Also, the fluores­
cence of some other N-heterocyclic compounds have been reported to be 
red shifted on going from the neutral compound to the monobasic acid 
and to be more red shifted on going to the dibasic acid.®^ Another 
very interesting and highly important point is that at 77°K one flour- 
escence around 370 mu and a clear discrete phosphorescence from 500 
mu to 430 mu are obtained for the hydrochloride. In case of the neu- - 
tral compound one obtains in the region 500-430 a fluorescence (the 
long wavelength one) and the usual phosphorescence that overlaps the 
fluorescence, but in case of the cation where the intramolecular 
H-bonding was removed, the long wavelength fluorescence disappears and 
only the phosphorescence is observed. This is a clear, conclusive 
support of the interpretation that the long wavelength fluorescence 
is directly related to the intramolecular H-banding and is due to the 
whole compound as one unit or one chromophore and not due to an im­
purity.
A general look at Figure 28 shows that the fluorescence of the 
anion is more red shifted than that of the cation. This is consist­
ent with the observation that the absorption of the anion is more red 
shifted than that of the cation. The fluorescence intensity of the 
cation is much higher than its phosphorescence. The slit had to be
®®H. CHR, Borresen, op, cit.
30■' Mataga et. al., bj>. cit.
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narrowed three-fold to be able to make the fluorecence Intensity 
measurable and thus comparable with that of the phosphorescence. Table 
XI shows the fluorescence frequencies of 2-(o-hydroxyphenyl)benzimida- 
zole, its cation and its anion.
The absence of the long wavelength fluorescence in case of 2- 
(o-hydroxyphenyl)benzimidazole hydrochloride might suggest to some 
person that it is an emission from the (pi , n^) state. However, if 
this is the case this long wavelength fluorescence should have been 
observed much more clearly in 2-phenylbenzimidazole, but it was not 
observed in that compound. In 2-(o-hydroxyphenyl)benzimidazole the 
lone pair of electrons on aza nitrogen are internally chelated with 
the hydrogen of the hydroxyl group and this will shift the pi n^ 
transition to higher energy.
2. Phosphorescence Spectra
Figure 29 shows the phosphorescence spectra of 2-(o-hydroxyl)- 
benzimidazole in different media. In hydrocarbon solvent (3-methyl- 
pentane) the spectrum shows no evidence of the vibrational structure 
which is very clear and discrete in an alcoholic solvent (GPA). It 
seem0 also that one observes two regions of triplet-singlet emission, 
one from 600-500 mu and the other from 470-400 mu. It is also very 
clear that the intensity of the band in the region of 520 mu is much 
more intense than the band at about 440 mu in a hydrocarbon solvent 
while the order is reversed in an alcoholic solvent. This can be 
interpreted again in terms of the intramolecular H-bonding which is 
much 'stronger in a hydrocarbon solvent than in an alcoholic one.
If the two regions of the single-triplet emissions correspond 
to emissions from different states, then one expects the phosphores-
1X9
TABLE XI
Fluorescence Frequencies of 2-(o-hyAroxyphenvll- 
benzImidazole -
A. In EPA at 77°K :
X a° \) cm ̂  X a° V ~'.m ^




B. In EPA+1 HCl. (the cation) at 77°K :
^A° V cb* *
3,880 ($tumlder) 25,770
3,730 26,800
3,600 (̂ shoulder) 27,770
C. In Isopropyl alcohol + Na° (the anion) at room temperature:
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Figure 29. Phosphorescence spectra of 2-(o-hydroxyphenyl)btnzimidazolt. 120
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cences In the two regions to have different half life. This was 
found to be roughly true by varying the speed of the phosphoscope.
Upon observing the phosphorescence in an alcoholic solvent, lowering 
the phosphorescope speed decreased the intensity of bands in the 440 
mu region more than it did to the bands in the 520 mu region. However, 
this is not definite evidence.
To see the effect of intramolecular H-bonding on the phosphor­
escence more clearly, the phosphorescences of the 2-(o-hydroxyphenyl)- 
benzimidazole hydrochloride were obtained from a hydrocarbon solution 
(3-methylpentane) and in a polar solution (EPA). The hydrochloride 
was obtained by saturating the solution of the neutral compound in 
the respective solvents with hydrogen chloride gas. Figure 29 shows 
that the phosphorescence of the hydrochloride has apparently one 
region of emission (500-400 mu) which again shows no structure in a 
hydrocarbon solvent but shows clear and discrete structure in EPA.
The same interpretation and the same argument that was applied for 
the fluorescence, and need not be repeated again, can very well be 
applied for the phosphorescence.
Figure 29 also shows the effect of irradiation on phosphores- : 
cence in 3-methylpentane. The usual behavior which is the decrease 
in intensity on irradiation was obtained. It is clear a band was 
not gained or lost. This means that in these determinations there 
was no photochemical reaction which changes the nature of the com­
pound during the runs. It is interesting also that no phosphorescence 
band could be observed from the fluid solution which is a further sup­
port that the long waveJLength emission which was obtained at room 
temperature using the total emission set up is a fluorescence and not
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a phosphorescence. The effect of irradiation on the phosphorescence 
of 2-(o-hydroxyphenyl)benzimidazole rigid glass in EPA was also studied. 
Again no significant effect was observed other than the decrease in the 
intensity of the original bands.
For all the above emission work, fluorescence or phosphores­
cence, experiments were made on deoxygenated samples as well as on 
those that contained oxygen in order to eliminate the possibility of 
peroxide formation. There were no differences with respect to the 
number or positions of the bands between the experiments under the 
two conditions.
Table XII shows the phosphorescence frequencies of 2-(o-hy- 
droxyphenyl)benzimidazole in different media.
TABLE XII
» .
Phosphorescence Fregdencies of 2- (o-hydroxyphenyl)benzi- 
midazole in:-
EPA



















b. 3MP_________ 3HP + HCl (Cation)
^A° V cm  ̂ X a° V cm ^
5,200 19,230




This compound was sTudied mainly because of the expected 
great spectroscopic similarity between it and 2-(o-hydroxyphenyl)- 
benzimidazole. So if there is some doubt about the spectroscopic 
behavior of the benzimidazole derivative, one hopes to clarify it 
by studying the benzoxazole derivative.
Figure 30 shows the absorption spectra of 2-(o-hydroxyphenyl)- 
benzoxazole in different media. It is clear that it shows the ex­
pected behavior. The similarity between Figures 22 and 30 is very 
clear. Both of the two compounds show four regions of absorption, 
quite similar vibrational structure (not exact) of the different 
bands, and similar band positions (benzoxazole derivative shows —
20 A° red shift with respect to benzimidazole derivative). For these 
similarities the bands of Figure 30 can be assigned to the transitions 
specific to the states in the same way as was done in 2-(o-hydroxy- 
phenyl)benzimidazole. The first band around 320 mu for transition to 
what may correspond to the state of the benzoxazole chromophore, 
the band around 280 mu which shows clear, discrete vibrational struc­
ture, the general shape and splitting between the vibrational struc­
tures of which is similar to the first absorption band of benzene is
assigned to the transition to the state of benzoxazole and hasa
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Figure 30. Absorption :,pectra of 2-(o-hydroxyphenyl)btnsoxazole.at room temperature.
The band from 250-210 mu can also be assigned to the transition to 
the state of the system. It may be worth saying that the bands 
in 300-250 and 250-210 show much more discrete structure in 2-(o-hy- 
droxyphenyl)benzoxazole than in 2-(o-hydroxyphenyl)benzimidazole. This 
can be due to the difference in electronegativity and size of a nitro­
gen and oxygen atom. The size and electronegativity of the nitrogen 
and oxygen atoms will have something to do with the size of the hetero 
ring and this will affect the extent of conjugation throughout the 
whole molecule. It may be worth saying also that the band corres­
ponding to absorption to the state is more intense than that
corresponding to absorption to the state in Figure 22 whereas thea
order is reversed in Figure 30. This again can be due to the differ­
ence in the degree of conjugation and of coplanarity between the two 
compounds. Fasserini et. al.^0 used the localized chromophore method 
to assign the different absorption bands in 2-(o-hydroxyphenyl)ben­
zoxazole and 2-(o-hydroxyphenyl)benzothiazole.
The general characteristics of Figure 30 are usual and were 
also observed in Figure 22, namely: slight blue shift in polar solvent, 
more discrete vibrational structure and red shift ^  50 A° when one 
goes to low temperature (Figure 31) and big red shift — • 200 A° and 
loss of structure in the absorption of the cation (the hydrochloride). 
Table XIII shows the absorption frequencies of 2-(o-hydroxyphenyl)- 
benzoxazole in different media.
B. Emission Spectra
1. Fluorescence Spectra
^®Passerini §t. al., op. cit.
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If the interpretations of the fluorescences of 2-(o-hydroxy­
phenyl) beneimidazole were correct one should be able to observe two 
fluorescences in 2-(o-hydroxyphenyl)benzoxazole also. Figure 32 shows 
the total emission spectra of 2-(o-hydroxyphenyl)benzoxazole in dif- 
ferent media and at different conditions (excitation was with Xe-Hg 
arc). The vast similarity between Figures 24 and'32 is unquestion­
able and makes it redundant to repeat the detailed interpretations.
Briefly one says that here again two fluorescences are observed, 
one around 520 mu and one around 350 mu. The intensity of the long 
wavelength one is much higher than that of the short wavelength one 
in a hydrocarbon solvent and the intensity of the short wavelength 
one increases in a polar solvent. This behavior can again be inter­
preted in terms of the strength of the intramolecular H-bonding in 
polar and nonpolar solvent.
Figure 32 shows a clear mirror image relation between the short 
wavelength fluorescence and the first absorption band. It shows also 
an indication of the overlap of the usual phosphorescence and the long 
wavelength fluorescence at 77°K, since one did not get the clearly 
structured phosphorescence around 500 mu. Figure 33 shows the room 
temperature ;as well as the 77°K total emission of 2-(o-hydroxyphenyl)- 
benzoxazole hydrochloride. The hydrochloride was obtained either by 
adding concentrated hydrochloric acid to the alcoholic solution or by 
passing hydrogen chloride gas in a solution of the neutral compound 
in EPA. It is interesting and constructive to find the hydrochloride 
has only one fluorescence. Using the same argument that was used 
with 2-(o-hydroxyphenyl)benzimidazole, one concludes that the fluor­
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Figure 33. Absorption and total emission spectra of 2-(o-hydroxypheny1) b e nz oxa z o 1 e hydrochloride. 131
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emission of the netural compound that is red shifted. There is a sig­
nificant difference between the 77°K total emission of the hydrochloride 
and that of the neutral compound in the region of 500 mu. The hydro­
chloride shows only some indications of the phosphorescence (indication 
of discrete bands) but no fluorescence. There is the mirror image 
relation between the fluorescence of the hydrochloride and its first 
absorption band.
Figure .34 shows the total emission spectra at room temperature 
of 2-(o-hydroxyphenyl)benzoxazole in isopropyl alcohol. The Aminco 
Spectrophotometer was used and the emissions were excited by different 
wavelengths. This again shows the two fluorescences and clarifies any 
doubt that any of the bands is due to a mercury line (in Aminco the 
exciting source is a xenon arc) or is a scattered light band. The 
relative intensities of the two bands in Figure 34 vary with the 
variation of the energy of the exciting light which indicates that 
the two emissions are not from the same transition. Table XIV shows 
the fluorescenses frequencies of 2-(o-hydroxyphenyl)benzoxazole in 
different media and under different conditions.
2. Phosphorescence Spectra
Figure 35 shows the phosphorescence spectra of 2-(o-hydroxy­
phenyl) benzoxazole in different media. The general features of Figures 
29 and 35 are similar, however, 2-(o-hydroxyphenyl)benzoxazole shows 
a very clear and discrete vibrational structure in 3-methylpentane. 
Changes in structure may be an indication that the nonbonding electrons 
on the oxygen atom are involved in the triplet-singlet emission. It is 
hard here to say whether there are two phosphorescences or only one be­
cause the separation between the different bands is not great and it is
600 450550 500 400
Wavelength mu
Figure 34. Total emission of 2-(o-hydroxyphenyl)benzoxazole at 
room temperature in Isopropyl alcohol.
—  Exciting at 280 mu
• ii it 290 '*
»• *• 295 »
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TABLE XIV
Fluorescence Frequencies o f 2-(o-hvdroxvphenvn-
benzoxazole in:
EPA at 77°K
X a° V cm-1




EPA at Room Temperature
X A° V enf ̂
a . around 4,800 20,830
b. around 3,660 27,320
EPA + HCl (the Cation) 
 at 77°K
X A° V cm"1
5,920 25,510
3MP at Room T e m p e r a f .













—  In 3-NP 
In ERA 






difficult to determine which is a vibrational structure and which is 
a new transition. Even when the phosphorescence of the hydrochloride 
was determined the band around 520 mu did not disappear completely 
although there is no daoubt that it changed from a well developed band 
to merely a shoulder in the hydrochloride phosphorescence. However, 
polarization work can solve this problem and can answer the question 
clearly about the locations of the two phosphorescences if there are 
two.
In the region of 400 mu there is some indication of the pre­
sence of other bands. This may be part of the fluorescence which may 
have long enough half life to appear through the phosphoroscope or a 
delayed fluorescence. Table XV shows the phosphorescence frequencies 
of 2-(o-hydroxyphenyl)behzoxazole in different solvents.
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TABLE XV
Phosphorescence Frequencies of 2- (o-hydroacyphenyl)- 
henzoxazole |n:~-
EPA_____  EPA + HOI
X a° X a° cm“^
3,160 19,370 5,100 19,600
4,970 20,120 4,830 20,700
4,820 20,740 4,550 21,970
4,570 21,680 4,500 22*220
4,490 22,270
3MP









This is the third compound to be studied in order to affirm 
the results which were obtained with the two previous compounds, 
namely: 2-(o-hydroxyphenyl)benzimidazole and 2-(o-hydroxyphenyl)-
benzoxazole. The similarity between the three compounds in the chem­
ical structure and to a great extent in the electronic configuration 
is expected to lead to similarity in spectroscopic properties.
Figure 36 shows the absorption spectra of 2-(o-hydroxyphenyl)- 
benzothiazole. The similarity between Figures 36, 30, and 22 is un­
questionable. Figure 36 shows four regions of absorption as the 
others did. So,band assignment for different states in 2-(o-hydroxy­
phenyl) benzothiazole can be done in the same manner as was done in
2-(o-hydroxyphenyl)benzimidazole or 2-(o-hydroxyphenyl)benzoxazole. 
Figure 36 shows the following general features which were also shown 
by Figures 22 and 30. There is a slight blue shift ( —' 20 A0) in 
polar solvent with loss of the indication of structure of the first 
band which indicates that the pi pi transition may superimpose a 
pi 4—  n one. There is more vibrational structure at low temperature. 
There is a significant red shift of the absorption bands of the 
cation with respect to those of the neutral solution.
Comparison of Figures 36, 30, and 22 shows that the absorption






  In alc.t RT
-x- In cyclohex., RT 
-o- ale + BCl 
  EPA, 77°K
450 250400 300350
Wavelength mu
Figure 36. Absorption spectra of 2-(o-hydroxyphenyl)benzothiazole- 139
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those of benzimidazole or benzoxazole derivative. This can be 
due to the difference in the extent of conjugation between the hetero 
atom ( "2N-H, "''o'i Ns/) and the benzenoid ring. In benzoxazole deriva­
tive there is some conjugation between the oxygen 2p electrons and the 
benzenoid 2p pi shell. In benzothiazole derivative for steroelectronic 
reasons, somewhat weaker conjugation is expected between the sulfur 
3P electrons and the benzenoid 2p pi shell. However, the red shift 
is due to lowering of the excited state. This will be discussed more 
under fluorescence. Table XVI gives the absorption frequencies of 
2-(o-hydroxyphenyl)benzothiazole and its cation.
B. Emission Spectra
1. Fluorescence Spectra
Figures 37 and 38 show the total emission spectra of the 2-(o- 
hydroxyphenyl)benzothiazole and its hydrochloride in different solvents. 
Using the total emission arrangement and determining the spectrum at 
room temperature one usually gets only fluorescence emission. It is 
clear from Figure 37 that again two fluorescences were obtained. This 
further supports the experimental results and the interpretations that 
were used with benzimidazole and benzoxazole derivatives. The relation 
between the intensities of the two fluorescences and the polarity of 
the solvent is much more clear here than in the other two compounds. 
Figure 37 shows that in a nonpolar solvent the intensity of the long 
wavelength fluorescence is much higher than that of the short wave­
length one while in polar solvents the intensities are reversed. This 
again is due to the stronger intramolecular H-bonding in. a hydrocarbon 
solvent than in a polar one, Holzbecher^l observed the long wavelength
^Z. Holzbecher, op. cit.
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T&BLE XVI
Absorption Frequencies of 2»- (o-hydroxyphenyl)- 
benzothiazole In:
Isopropyl Alcohol at
Room Temperature E?A at 77°K
Xa° - -1y cm logfe XA° V cm
a. 3,330 30,030 4.05 a , 3,500 28,570
3,440 29,060b. 3,000 33,330 3,87 3,350 29,850
2,870 34,840 3.96 3,300 30,300
2,770 36,100 3.90 b. 3,000 33,330c. 2,575 38,750 3.68 2,900 34,480
2,490 40,160 3.65 2,800 35,710
d. 2,160 46,290 c. 2,590 38,610
2,530 39,520
2,490 40,160
Cyclohexane at Isopropyl Alcohol+ HCl
Room Temperature _____________________
V y cm"*- XA° V cm"1
a . 3,510 28,490 3,700 27,020
3,360 29,760
b. 3,000 33,330 3,200 31,250
2,870 34,840
2,780 35,970
c . 2,590 38,610 2,620 38,160












T. Em, 77^K, In 3MP 
T.Em, 77°K, In EPA 
T.Em, RT, In EPA 
A, 77°K, In EPA
400 350450500600 550
Wavelength mu
Figure 37. Absorption and total emission Spectra of 2-(o- hydroxyphenyl) benzothiazole.
x- RTT.Ero, In EPA 
*- 77 igr*Bii,In EPA 
—  RT, A., In ale.
600 450 400 350550 500
Wavelength ou
Figure 38. Absorption and total emission spectra of 2-(o-faydroxyphenjrl) benzothiazole
hydrochloride.
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fluorescence in alcoholic solution.
The two fluorescences of 2-(o-hydroxyphenyl)benzothiazole are 
red shifted compared to those of the benzimidazole or benzoxazone deri­
vatives. In the excited state the 2p pi shell is swollen and is con­
centrated more over the atoms and less over the bond centers, there­
fore the conjugation between .the sulfur 3p .electrons and the 2p pi 
shell in the excited state gains a relative steroelectric advantage 
over the 2p pi electrons of oxygen or nitrogen atom with the result 
that the excited state- is depressed towards the ground state.
The mirror image relation between the short wavelength fluores­
cence and the first absorption band is fairly clear. The 0-0 band 
of the fluorescence may be taken at 350 mu and it was weakened by 
reabsorption.
At 77°K in the region of 500 mu it appears again that the long 
wavelength fluorescence is overlapping the phosphorescence. This also 
was observed in 2 -(o-hydroxyphenyl)benzimidazole and 2-(o-hydroxyphenyl)- 
benzoxazole. In the hydrochloride the long wavelength fluorescence 
disappears. Figure 38 shows that the total emission of 2-(o-hydroxy- 
phenyl)benzothiazole hydrochloride at 77°K no longer has any fluor­
escence in the region of 500 mu and shows some bands which coincide 
with the phosphorescence of the hydrochloride. In other words, on 
forming the hydrochloride, the intramolecular H-bonding is removed 
and consequently the long wavelength fluorescence was removed. This 
supports the previous interpretations.
Figure 39 shows the 77°K total emission of 2-(o-hydroxyphenyl)- 
benzothiazole in 3-methylpentane. This was run on the Aminco Spectro­












-x- EX. at 345 mu 
EX. at 310 mu 
... EX. at 300 mu 
——  EX. at 390 mu
600 500 400 350
Wavelength mu
Figure 39. Selective excitation of the total emission of
2-(0-hydroxyphenyl)benzothiaz o le in 3-MP at 77°K.
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at 345 or 310 mu the Aminco cannot see the short wavelength fluores­
cence because at Its position one gets first order scattered band, 
this does not mean that the short emission does not exist when excita­
tion with these bands is used.
Table XVII shows the fluorescence frequencies of the2-(o-hy- 
droxyphenyl)benzothiazole and its hydrochloride.
2. Phosphorescence Spectra
Figure 40 shows the phosphorescence spectra of 2-(o-hydroxy“ 
phenyl)benzothiazole and its hydrochloride. The phosphrosence of the 
neutral compound in 3-methylpentane is rather weak and widest slit 
and highest sensitivity had to be used to determine it. This emission 
shows no indication of structure whereas the one in EPA is rather 
strong and shows the vibrational structure. The phosphorescence of 
the hydrochloride shows some differences from that of the neutral 
compound. The intensity of some bands is lowered in the hydrochloride 
whereas the intensity of band around 490 mu is increased. One also 
observes a slight red shift. It is noticeable that the band at 550 
mu in the phosphorescence of the neutral compound changed to a shoul­
der in case of the hydrochloride. This may be an indication that 
we have a separate long wavelength phosphorescence, however, it is 




• Fluorescence Frequencies of 2- (o-hydroxyphenyl)-
Bensothlatole in:
3MP at Room Temperature 3MP at 77°k
X a° V X a° V cm ^




EPA at: Room Temperature EPA at 77°K











EPA + HCl (the Cation)
at 77°K
^ A °  V cm" 1
4,170 23,980
Phosphorescence Frequencies of 2- (o-hydroxyphenyl)-
Benzothiazole in: -
FPA EPA + HCl (the Cation)
X a° V cm ^ *A° -  -1V cm
5,520 18,110 5,500 18,180
5,300 18,860 5,400 18,510
5,120 19,530 5,130 19,490
4,940 20,240 4,970 20,120














— In EPA + HCl
600 550 500 450 400
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Figure 40. Phosphorescence spectra of 2-(o-hydroxyphenyl)benzothiazole,
CHAPTER IV
SUMMARY
The purposes of this research were mainly to investigate the effect 
of the introduction of a heteroatom on the electronic spectra (absorp­
tion and emission) and to confirm the phenomenon of multiple emissions 
that has been observed by some members of the research group in this lab­
oratory. This is the first time such a phenomenon has been studied in 
heterocyclic molecules.
The elctronic spectra of two classes of heterocycles have been 
investigated in detail.. One class included derivatives of pyridine, namely, 
4-phenylpyridirte, pyridine-2 and 3-aldehydes and phenyl-2, 3, and 4-pyri- 
dylfe ketones. The relations between the energy levels of the heterocycles 
and the corresponding homocycles have been studied and interpreted. The 
pi *_ n^ transition in 4-phenylpyridine was clearer in the vapor phase and 
in the rigid glassy solution spectra than in fluid solution. It appeared 
as a weak shoulder or a long yavelength tail of the strong pi**—  pi 
transition in 4-phenylpyridine, but it was unclear in the heterocyclic
J Lcarbonyl compounds due to the strong overlap by the pi pi transition.
The molar extinction coeifficients of the transitions in the heterocycles 
were also estimated.
A weak'fluorescence from 4-phenylpyridine was observed, but no 
fluorescence emission was observed from the heterocyclic carbonyl com­
pounds. The lifetimes of the triplet states of the heterocydlic and 
corresponding homocyclic compounds were determined. The possibility of
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the existence of dual emissions of phenylpyridyl ketones was investigated 
by studying the phosphorescences of mixtures of benzaldehyde and pyri- 
dinealdehyde. The results at hand did not give evidence for the existence 
of the dual emissions.
The second class of compounds studied included some benzimidazole 
derivatives, namely, benzimidazole, 2-phenylbenzimidazole, and 2-(o-hydroxy­
phenyl) benzimidazole. The electronic energy levels of benzimidazole can 
be related to those of naphthalene (same number of pi electrons) although 
there is a similarity between the absorption spectra of benzimidazole and 
substituted benzene. The electronic energy levels of 2-phenylbenzimidazole 
are also related to those of 2-phenylnaphthalene. In studying 2-(o-hy­
droxyphenyl) benzimidazole the intramolecular hydrogen bond plays a critical 
role in the spectroscopic behavior of such a compound. It helps the
separation of the bands corresponding to transitions to the L̂. andb a
states.
The intramolecular H-bond helps the molecule to be coplanar} 
there may be some strain, and this makes it possible to observe an emis­
sion characteristic of the whole molecule as one unit in addition to an 
emission characteristic of one of the subsystems. When the intramolecular 
H-bond is weakened or broken, one emission characteristic of the pertrubed 
benzimidazole subsystem is observed. More than one experimental result 
is given to prove that the dual emissions of 2-(o-hydroxyphenyl)benzimi­
dazole are not due to a trivial mechanism. These evidences are:
(1) none of the fluorescences disappeared upon further purification,
(2) concentration quenching of the two fluorescences occured at 10~^M.. " . •
(3) a blue emission can be seen, immediately when a pure, concentrated so­
lution in alcohol is held against a black background.
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The long wavelength emission obtained at room temperature using 
the total emission arrangement is certainly not a phosphorescence.
The long wavelength fluorescence is not an excimer emission be­
cause. it is observed at as low concentration as 10 "̂ M,__it is quenched at 
as low concentration as 10"^M and there is an indication of its existence 
at 77°K.
That the intramolecular H-bond is vital for the observation of the 
long wavelength fluorescence can be seen from the following experimental 
results:
(1) Dependence of the relative intensities of the two fluores­
cences on polarity of the solvent.
(2) The long wavelength emission is most intense in a crystal in 
which the intramolecular H-bonding is the strongest since there is no 
competition between the intra- and intemolecular hydrogen bonding be­
tween the solute and a solvent molecule.
(3) The disappearance of the long wavelength fluorescence when 
the room temperature total emission of 2-(o-hydroxyphenyl)benzimidazole 
hydrochloride is studied.
(4) A rather interesting evidence is a comparison of the 77°K 
total emissions of 2-(o-hydroxyphenyl)benzimidazole and its hydrochloride. 
In the former compound the overlap of the phosphorescence and the long 
wavelength fluorescence is very clear (around 450 mu) while the spectrum 
of the latter compound shows only the discrete and clear phosphorescence 
around 450 mu. In other words, formation of the hydrochloride broke the 
intramolecular H-bond and consequently the long wavelength fluorescence 
which was interpreted to be due to the coplanar molecule as one unit dis­
appeared .
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To confirm the above results and interpretations about the two 
fluorescences of 2-(o-hydroxyphenyl)benzimidazble, two similar compounds 
were studied: 2-(o-hydroxyphenyl)benzoxazole and 2-(o-hydroxypehnyl)benzo- 
thiazole. It was interesting and encouraging to find that the latter two 
compounds also have two fluorescences which have the same characteristics 
as those of 2-(o-hydroxyphenyl)benzimidazole. In fact, the similarity be­
tween the absorption and emission spectra of 2-(o-hydroxyphenyl)benzimi­
dazole, 2-(o-hydroxyphenyl)benzoxazole and 2-(o-hydroxyphenyl)benzothia­
zole was very great. The assignment of transitions in the last two 
compounds was based on the same kind of evidence that was used to assign 
the transitions in the 2-(o-hydroxyphenyl)benzimidazole.
There is no intense absorption band corresponding to the intense 
long wavelength fluorescence band. However, if one recalls, the intensity 
of this fluorescence is directly proportional to the intramolecular H-bond 
strength which in turn is stronger in a crystal or a nonpolar solvent.
The absorption of a crystal shows a long wavelength region of absorption, 
Unfortunately, the compound is not very soluble in a hydrocarbon solvent, 
but in spite of that a long wavelength absorption shoulder could be 
observed.
From the given experimental facts it appears beyond any doubt that 
the two fluorescences of 2-(o-hydroxyphenyl)benzimidazole and related 
compounds are real and characteristic of the corresponding compound. 
However, let one speculate more deeply and assume that the long wave­
length fluorescence is due to an emitting species other than the original 
compound. What is the impurity the emission of which is quenched at 10“Sl 
concentration of the major component but is very pronounced in crystalline 
state? What kind of impurity can be common in three compounds: 2-(o-hy- 
droxyphenyl)benzimidazole, 2-(o-hydroxyphenyl)benzothiazole and
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2-(o-hydroxyphenyl)benzoxazole? What is thie impurity emission of which 
disappears when hydrochloric acid is added to its solution?
Two types of impurities can be common to the three compounds: an 
oxidation product, but if this is the case, its fluorescence should not 
disappear on adding hydrochloric acid to its olution and its emission, 
should not likely be quenched at 10“^M original concentration. The second 
type of impurity that may be common to the three compounds may be a species 
that is used in their preparation. Salicylic acid is a possibility. If 
this is the impurity, then one says that the original compound, namely,
2-(o-hydroxyphenyl)benzimidazole acted as a sensitizer and salicylic acid 
as an acceptor. If this is the case, then:
(a) One should get the long wavelength emission almost exactly in 
the same position as the fluorescence of salicylic acid but the results 
of this work shows the long wavelength fluorescence is at 460-470 mu in
3-methylpentane whereas that of salicylic acid is at 410-420 mu in the 
same solvent.
(b) Salicylic acid cannot act as an acceptor unless its first ex­
cited singlet or triplet state is lower than that of the original compound,
'2-(o-hydroxyphenyl)benzimidazole, but neither one of the salicylic acid states
is lower than that of the original compound. So, the long wavelength fluor­
escence cannot be due to salicylic acid as an impurity. Therefore, if the 
suspected impurity is not an oxidation product, is not salicylic acid, and 
is not due to a photochemical product, it should be real and characteristic 
of the original molecule 2-(o-hydroxyphenyl)benzimidazole.
In this work the effects of concentration, wavelength of excita­
tion, temperature .and solvent on the emission of all the compounds were
investigated. Also, the effect of irradiation on the absorption and 
emission of the rigid glassy solutions of some compounds was studied. The 
molar extinction coefficients of all the studied compounds were also
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determined.
What should be done next? It is my idea that two steps are necesr . 
sary: polarization studies of the absorption, fluorescence and phosphores­
cence of benzimidazole, benzothiazole and benzoxazole derivatives should 
be made. Absorption polarization may separate the. pi ^ b a n d  from
the pi 4—  pi. Emission polarization 
pondB to which emission.




will show which absorption corres
of the spectra of compounds such as:
which should show only the short 
wavelength fluorescence
which should show only the short 
wavelength fluorescence
which should show only the short 
wavelength fluorescence
which should show only the short 
wavelength fluorescence
which should show the long wave­
length emission much more intensely 
than the short wavelength one or 
the long wavelength one only.
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GLOSSARY OF ABBREVIATIONS
1. A - Absorption
2. P - Phosphorescence
3. F - Fluorescence
4. T. EM - Total Emission
5. RT - Room Temperature
6 . mu - Millimicron
7. ale. * - 95% Ethyl Alcohol
8 . Cyclohex. - Cyclohexane
9. 4-Ph.py. - 4-Phenylpyridine
10. Biph. - Biphenyl
11. EPA - Polar mixed solvent
12. PH - Nonpolar mixed solvent
13. 3-MP - 3^methyl£,entane
14. Py.-2-ald. - Pyridine-2-aldehyde
15. Ph.-2-py. Ketone - Phenyl-2-pyridyl Ketone
16. RPM - Rounds per minute
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